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Euclid-INFN@TO Group

• Who are we? 

• Active and proactive group; built up momentum over the years; diverse set of skills, building bridges between 
theory and observations; good balance between senior and junior members (~30% w/ management roles and 
~70% working on projects)
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Euclid-INFN@TO Group

• Who are we? 

• Active and proactive group; built up momentum over the years; diverse set of skills, building bridges between 
theory and observations; good balance between senior and junior members (~30% w/ management roles and 
~70% working on projects) 

• Proficiencies and know-how 

• Large-scale structure of the Universe; cosmological perturbations (linear and non-linear regimes); extended 
models of gravity for dark matter and dark energy; modelling of power spectra in Fourier and harmonic space; 
novel observables and multi-wavelength synergies; development of techniques to detect of new effects
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Euclid-INFN@TO Group

• Who are we? 

• Active and proactive group; built up momentum over the years; diverse set of skills, building bridges between 
theory and observations; good balance between senior and junior members (~30% w/ management roles and 
~70% working on projects) 

• Proficiencies and know-how 

• Large-scale structure of the Universe; cosmological perturbations (linear and non-linear regimes); extended 
models of gravity for dark matter and dark energy; modelling of power spectra in Fourier and harmonic space; 
novel observables and multi-wavelength synergies; development of techniques to detect of new effects 

• Involvement in the Euclid Consortium 

• Galaxy Clustering, Weak Lensing, Theory, and CMBX Science Working Groups (SWGs) 

• Inter SWG Taskforces (ISTs) for Forecasts, Likelihood, and Non-linearities 

• Diversity Committee, Publication Group for Science, pre-launch and DR1 Key Project (KP) coordination 

• Q1 and DR1 data analysis
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Research activities in 2025
• Milestone 

• Submission of PL-KP-GC-7 Paper (Euclid Collaboration: Duret et al., arXiv:2503.11621) [*]
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Research activities in 2025
• Milestone 

• Submission of PL-KP-GC-7 Paper (Euclid Collaboration: Duret et al., arXiv:2503.11621) [*] 

• Work on data/pipeline 

• Coordination of DR1-KP-JC-2 ‘Euclid cosmological constraints from combined photometric probes’ 

• Work on the spectroscopic galaxy clustering pipeline to implement relativistic and wide-angle effects [*] 

• Implemented several mass function prescriptions to study the effects of massive neutrinos
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Research activities in 2025
• Milestone 

• Submission of PL-KP-GC-7 Paper (Euclid Collaboration: Duret et al., arXiv:2503.11621) [*] 

• Work on data/pipeline 

• Coordination of DR1-KP-JC-2 ‘Euclid cosmological constraints from combined photometric probes’ 

• Work on the spectroscopic galaxy clustering pipeline to implement relativistic and wide-angle effects [*] 

• Implemented several mass function prescriptions to study the effects of massive neutrinos 

• Other deliverables 

• Active involvement (=1st-tier authorship) in 6 KP Papers 
[A&A 693, A58 [*]; A&A 693, A249; A&A 694, A321; A&A 697, A85; A&A 697, A1; A&A 698, A233] 

• Submission of Euclid Collaboration: Albuquerque et al., arXiv:2506.03008 

• Submission to EC Editorial Board of PL-KP-JC-3 (CLOE) Papers 1–6 

• Submission to EC Editorial Board of PL-KP-GC-7 Paper: Matthewson et al. 

• Submission to EC Editorial Board of Q1 SP Paper: Piccirilli, Bahr-Kalus, Camera et al. [*]
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[*] Milestone

S. Camera3,4,5
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[*] Milestone
A&A proofs: manuscript no. main
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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. 2.3. The orange curve is the correlation function computed using the template from Eq.(19) evaluated with the
parameters inferred from MCMC in each redshift bin. Scale cuts are shown as grey bands and are defined as ✓min = 0.�6, ✓max = ✓BAO + 2.�5 where
✓BAO is the expected position of the BAO peak in the fiducial cosmology.

occupation distribution techniques following Carretero et al.
(2015). Galaxy luminosities have been calibrated with a com-
bination of the luminosity functions from Blanton et al. (2003),
Blanton et al. (2005a), and Dahlen et al. (2005). Galaxy cluster-
ing measurements have been calibrated as a function of colour
and luminosity following Zehavi et al. (2011) and the colour-
magnitude diagram from Blanton et al. (2005b) has been used as
a reference.

We apply a magnitude cut at IE  24.5 in the VIS IE band
with the additional constraint that only objects with properly
determined photometric redshifts are considered (phz_flags =
0). 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 deg2. Following Euclid Collaboration: Mel-
lier et al. (2024), we divide the sample into 13 equipopulated
redshift bins of zph. The normalized redshift distributions pi(z)
of the 13 bins are shown in Fig. 1. This division yields a large
statistic sample, with about 34.8 million galaxies per redshift
bin. Photometric redshifts are defined as the first mode of the
probability density functions (PDF) obtained with the k-nearest
neighbours algorithm NNPZ (Tanaka et al. 2018) by matching
galaxy magnitude and colours to a reference sample of 2 million
galaxies simulated up to the depth of the Euclid calibration field

IE = 29.4 and whose PDF are obtained using the template-fitting
code Phosphoros (Tucci et al., in prep). The photometric red-
shift 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 �2 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 photometric redshift when NNPZwas applied.
The photometry used to infer these redshifts has the quality ex-
pected from the ground-based observations of the Legacy Survey
of Space and Time (LSST, Ivezić et al. 2019) for all galaxies
which is optimistic.

The fiducial cosmology used in this paper is a flat ⇤CDM
cosmology, defined by a set of parameters which match the fidu-
cial cosmology of the Flagship simulation.

5. Results

5.1. Joint BAO measurement

In this section, we present the constraints on ↵ obtained with
a joint analysis of the 13 redshift bins. We used the template
as defined in Sect. 3.2 extended to have bin-specific nuisance
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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. 2.3. The orange curve is the correlation function computed using the template from Eq.(19) evaluated with the
parameters inferred from MCMC in each redshift bin. Scale cuts are shown as grey bands and are defined as ✓min = 0.�6, ✓max = ✓BAO + 2.�5 where
✓BAO is the expected position of the BAO peak in the fiducial cosmology.

occupation distribution techniques following Carretero et al.
(2015). Galaxy luminosities have been calibrated with a com-
bination of the luminosity functions from Blanton et al. (2003),
Blanton et al. (2005a), and Dahlen et al. (2005). Galaxy cluster-
ing measurements have been calibrated as a function of colour
and luminosity following Zehavi et al. (2011) and the colour-
magnitude diagram from Blanton et al. (2005b) has been used as
a reference.

We apply a magnitude cut at IE  24.5 in the VIS IE band
with the additional constraint that only objects with properly
determined photometric redshifts are considered (phz_flags =
0). 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 deg2. Following Euclid Collaboration: Mel-
lier et al. (2024), we divide the sample into 13 equipopulated
redshift bins of zph. The normalized redshift distributions pi(z)
of the 13 bins are shown in Fig. 1. This division yields a large
statistic sample, with about 34.8 million galaxies per redshift
bin. Photometric redshifts are defined as the first mode of the
probability density functions (PDF) obtained with the k-nearest
neighbours algorithm NNPZ (Tanaka et al. 2018) by matching
galaxy magnitude and colours to a reference sample of 2 million
galaxies simulated up to the depth of the Euclid calibration field

IE = 29.4 and whose PDF are obtained using the template-fitting
code Phosphoros (Tucci et al., in prep). The photometric red-
shift 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 �2 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 photometric redshift when NNPZwas applied.
The photometry used to infer these redshifts has the quality ex-
pected from the ground-based observations of the Legacy Survey
of Space and Time (LSST, Ivezić et al. 2019) for all galaxies
which is optimistic.

The fiducial cosmology used in this paper is a flat ⇤CDM
cosmology, defined by a set of parameters which match the fidu-
cial cosmology of the Flagship simulation.

5. Results

5.1. Joint BAO measurement

In this section, we present the constraints on ↵ obtained with
a joint analysis of the 13 redshift bins. We used the template
as defined in Sect. 3.2 extended to have bin-specific nuisance
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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. 2.3. The orange curve is the correlation function computed using the template from Eq.(19) evaluated with the
parameters inferred from MCMC in each redshift bin. Scale cuts are shown as grey bands and are defined as ✓min = 0.�6, ✓max = ✓BAO + 2.�5 where
✓BAO is the expected position of the BAO peak in the fiducial cosmology.

occupation distribution techniques following Carretero et al.
(2015). Galaxy luminosities have been calibrated with a com-
bination of the luminosity functions from Blanton et al. (2003),
Blanton et al. (2005a), and Dahlen et al. (2005). Galaxy cluster-
ing measurements have been calibrated as a function of colour
and luminosity following Zehavi et al. (2011) and the colour-
magnitude diagram from Blanton et al. (2005b) has been used as
a reference.

We apply a magnitude cut at IE  24.5 in the VIS IE band
with the additional constraint that only objects with properly
determined photometric redshifts are considered (phz_flags =
0). 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 deg2. Following Euclid Collaboration: Mel-
lier et al. (2024), we divide the sample into 13 equipopulated
redshift bins of zph. The normalized redshift distributions pi(z)
of the 13 bins are shown in Fig. 1. This division yields a large
statistic sample, with about 34.8 million galaxies per redshift
bin. Photometric redshifts are defined as the first mode of the
probability density functions (PDF) obtained with the k-nearest
neighbours algorithm NNPZ (Tanaka et al. 2018) by matching
galaxy magnitude and colours to a reference sample of 2 million
galaxies simulated up to the depth of the Euclid calibration field

IE = 29.4 and whose PDF are obtained using the template-fitting
code Phosphoros (Tucci et al., in prep). The photometric red-
shift 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 �2 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 photometric redshift when NNPZwas applied.
The photometry used to infer these redshifts has the quality ex-
pected from the ground-based observations of the Legacy Survey
of Space and Time (LSST, Ivezić et al. 2019) for all galaxies
which is optimistic.

The fiducial cosmology used in this paper is a flat ⇤CDM
cosmology, defined by a set of parameters which match the fidu-
cial cosmology of the Flagship simulation.

5. Results

5.1. Joint BAO measurement

In this section, we present the constraints on ↵ obtained with
a joint analysis of the 13 redshift bins. We used the template
as defined in Sect. 3.2 extended to have bin-specific nuisance
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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. 2.3. The orange curve is the correlation function computed using the template from Eq.(19) evaluated with the
parameters inferred from MCMC in each redshift bin. Scale cuts are shown as grey bands and are defined as ✓min = 0.�6, ✓max = ✓BAO + 2.�5 where
✓BAO is the expected position of the BAO peak in the fiducial cosmology.

occupation distribution techniques following Carretero et al.
(2015). Galaxy luminosities have been calibrated with a com-
bination of the luminosity functions from Blanton et al. (2003),
Blanton et al. (2005a), and Dahlen et al. (2005). Galaxy cluster-
ing measurements have been calibrated as a function of colour
and luminosity following Zehavi et al. (2011) and the colour-
magnitude diagram from Blanton et al. (2005b) has been used as
a reference.

We apply a magnitude cut at IE  24.5 in the VIS IE band
with the additional constraint that only objects with properly
determined photometric redshifts are considered (phz_flags =
0). 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 deg2. Following Euclid Collaboration: Mel-
lier et al. (2024), we divide the sample into 13 equipopulated
redshift bins of zph. The normalized redshift distributions pi(z)
of the 13 bins are shown in Fig. 1. This division yields a large
statistic sample, with about 34.8 million galaxies per redshift
bin. Photometric redshifts are defined as the first mode of the
probability density functions (PDF) obtained with the k-nearest
neighbours algorithm NNPZ (Tanaka et al. 2018) by matching
galaxy magnitude and colours to a reference sample of 2 million
galaxies simulated up to the depth of the Euclid calibration field

IE = 29.4 and whose PDF are obtained using the template-fitting
code Phosphoros (Tucci et al., in prep). The photometric red-
shift 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 �2 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 photometric redshift when NNPZwas applied.
The photometry used to infer these redshifts has the quality ex-
pected from the ground-based observations of the Legacy Survey
of Space and Time (LSST, Ivezić et al. 2019) for all galaxies
which is optimistic.

The fiducial cosmology used in this paper is a flat ⇤CDM
cosmology, defined by a set of parameters which match the fidu-
cial cosmology of the Flagship simulation.

5. Results

5.1. Joint BAO measurement

In this section, we present the constraints on ↵ obtained with
a joint analysis of the 13 redshift bins. We used the template
as defined in Sect. 3.2 extended to have bin-specific nuisance
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• Per-bin detection of the (transverse) Alcock-Paczyński parameter, α

[*] Milestone

Euclid Collaboration: Duret et al.: BAO analysis of photometric galaxy clustering in configuration space

Table 3. Values of ↵ extracted from the MCMC analysis in a DR1-
like setting in each equidistant redshift bin. The detection level �det is
defined in Eq. (22).

Bin zmin ze↵ zmax ↵ �det (�)

1 0.200 0.307 0.396 1.055+0.102
�0.148 no detection

2 0.396 0.432 0.507 1.021+0.118
�0.131 no detection

3 0.507 0.578 0.657 1.086+0.068
�0.106 1.2

4 0.657 0.727 0.840 0.909+0.113
�0.070 1.2

5 0.840 0.893 1.040 1.016+0.120
�0.155 no detection

6 1.040 1.325 2.500 1.045+0.079
�0.089 1.1

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� with the measured data vector
and 0.08� with a noise-free synthetic data vector computed like
the theoretical model.

The impact of the choice of fiducial cosmology is investi-
gated by varying h from 0.67 to 0.73. Galaxy bias is fitted again
before repeating the MCMC analysis bin by bin. We expect a
shift of ↵ by a factor

DA(h = 0.73,⌦b,⌦cdm)
rs, drag(h = 0.73,⌦b,⌦cdm)

rs, drag(h = 0.67,⌦b,⌦cdm)
DA(h = 0.67,⌦b,⌦cdm)

= 0.982 .

(24)

After correction by this shift, we measure a remaining maxi-
mum relative di↵erence |�↵|/↵ 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 vary ⌦cdm by ± 5�Planck, keeping h = 0.67 and
⌦b = 0.049. With ⌦cdm = 0.281 and ⌦cdm = 0.259, we respec-
tively find a remaining maximum relative di↵erence |�↵|/↵ of
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 6 redshift bins, a selection cut at IE  23.5, and
covering 2500 deg2. The measurement of w(✓) and BAO analy-
sis were done following the same procedure. In this case, we find
that the constraints on ↵ in bins 1 to 6 are listed in Table 3.

These constraints are in agreement with ↵ = 1 within 1�.
If we compare bins of similar e↵ective redshifts, the constraints
are about 20% weaker than with 13 bins in the first bins and sig-
nificantly worse in the last two bins. The detection of the BAO
signal is overall weaker than with 13 redshift bins, with no sig-
nificant detection in bins 1, 2, and 5 and with �det  1.2 in the
other bins. These results are expected from the larger uncertain-
ties on w(✓) and the larger bins : intra-bin variations of the BAO
scale dilute the signal. Note that the LSST-like photometry as-
sumed 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 release. Instead, photom-
etry from the Dark Energy Survey will be used (Abbott et al.
2018). For this reason, the fact that the redshift distribution p(z)
is well known is only true with the Flagship simulation. With
data, calibrating the p(z) bias and stretch prior to the analysis will
be mandatory, as in Abbott et al. (2024). Ideally, these nuisance
parameters for the bias and stretch of p(z) will be marginalized
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Fig. 6. Constraints on h, ⌦b, and ⌦cdm from BAO with Planck priors.
The use of ↵i derived from a synthetic two-point angular correlation
function allows us to check that the biases observed with the measured
data vector and shown in blue are decreased, by a factor of 3 for the
largest one, on ⌦cdm.

over in the MCMC analysis of DR1 data as in Bertmann et al., in
prep. These constraints could probably be improved with anal-
ysis choices tailored to this sample, for example with di↵erent
scale cuts.

5.4. Cosmological constraints from BAO

One can constrain the h, ⌦b, and ⌦cdm parameters by sam-
pling them in their dependence with respect to the values of
↵i, i 2 [1, 13] (Eq. (20) and Appendix A) obtained by template
fitting in each individual bin. We list in Table 2 the values of
↵i and the associated uncertainties obtained by MCMC anal-
ysis. In Fig. 6, we show the constraints on h, ⌦b, and ⌦cdm.
We obtain h = 0.669 ± 0.003, 100⌦b = 4.921+0.044

�0.046, and
⌦cdm = 0.293+0.023

�0.022, which is in agreement with the simulation
cosmology. Using the synthetic data vector instead of the mea-
sured two-point angular correlation function to extract the ↵i and
then obtain cosmological constraints with the same analysis, we
check that the bias on ⌦cdm decreases from 1� to 0.3�.

We check how excluding one or some redshift bins from this
analysis a↵ects the cosmological constraints. Figure 7 groups all
results for h, ⌦b, and ⌦cdm with Planck priors. We consider the
↵i, i 2 [1, 13] obtained by template fitting on w(✓) measured on
Flagship in blue, or a noise-free synthetic w(✓) computed like the
theoretical model in orange. We first remove one redshift bin at
a time. With the measured w(✓), redshift bin 11 seems to have a
large weight in shifting h towards smaller values: when it is ex-
cluded, we recover a less biased estimate of h,⌦b, and⌦cdm with
a shift of 0.3, 0.2, and 0.4� respectively. Removing the other
bins has a much smaller e↵ect. Results are also shown when re-
moving redshift bins with no BAO detection (bins 1, 4, and 6),
low-redshift bins (1 to 8), and high-redshift bins (9 to 13). Apart
from the e↵ect seen from removing bin 11, we find that high-
redshift bins tend to bias h towards lower values while ⌦b and
⌦cdm are biased towards larger values. However, high-redshift
bins also provide the tightest constraints, with an increase of the
uncertainty of h, ⌦b, and ⌦cdm by 23%, 30%, and 87% respec-
tively when they are removed. Replacing ↵i obtained from the
measured w(✓) by the ones from a synthetic w(✓), we find that
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Fig. 5. E↵ect of the fiducial cosmology on ↵ in all redshift bins for
three variations replacing h = 0.67 by h = 0.73 and ⌦cdm = 0.270
by ⌦cdm = 0.281 or ⌦cdm = 0.259. The dashed line shows a relative
di↵erence of 1%. The e↵ect of the fiducial cosmology is negligible with
respect to the uncertainties varying between ± 0.13 and ± 0.024.

constant at the fiducial cosmology of the Flagship simulation.
We check that varying ⌦cdm, ⌦b, and h by 5% leads to a max-
imum expected variation of ↵ of 1% between the first and last
redshift bin. This maximum variation of ↵ scales linearly as
↵(ze↵ = 1.922)/↵(ze↵ = 0.290) / 0.2�(⌦cdm,⌦b, h). Given the
constraint obtained on ↵, this e↵ect is non-negligible and is a
limit to this joint analysis. For this reason, the analysis is also
performed in individual redshift bins in Sect. 5.3.

5.2. Robustness validation

In this section, the impact of the di↵erent 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. 4. While most bins have very little e↵ect over the
constraints, removing the redshift bin 11 at ze↵ = 1.245 from
the joint analysis decreases ↵ by 1�all bins. It also increases un-
certainties by 11%, which is expected given that we remove one
of the redshift bin 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 mea-
sure of the scatter �NMAD robust to outliers and defined as

�NMAD = 1.4826 median
 
�z �median(�z)

1 + ztrue

!
(23)

where �z = zph � ztrue, bin 11 has a scatter which is about 25%
smaller than bins 12 and 13. The combination of good photo-
metric redshifts and high redshift explains the importance of this
bin.

If we compare constraints from bins with redshift ze↵ <
0.9 to the baseline with all bins, we find that ↵ is shifted
by 2.8�all bins towards smaller values and its uncertainty is in-
creased by a factor of two. On the contrary, including high-
redshift bins ze↵ > 0.9 and removing low-redshift bins, the shift
towards a larger value of ↵ is limited to 1.3�all 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 ze↵ < 0.9 with the largest level of sig-

Table 2. Values of ↵ extracted from the MCMC analysis in each of
the 13 redshift bins. The detection level is defined in Eq. (22). When
the significance is smaller than 1�, the result is considered as a non-
detection.

Bin ze↵ ↵ �det (�)

1 0.290 1.026+0.122
�0.140 no detection

2 0.374 1.044+0.097
�0.107 1.2

3 0.436 0.957+0.112
�0.093 1.1

4 0.527 1.003+0.146
�0.123 no detection

5 0.613 1.002+0.079
�0.095 1.1

6 0.705 0.985+0.087
�0.096 no detection

7 0.802 0.932+0.072
�0.054 1.5

8 0.858 1.052+0.067
�0.067 1.7

9 0.972 1.037+0.057
�0.048 1.5

10 1.090 1.015+0.029
�0.028 2.7

11 1.245 1.031+0.024
�0.024 4.0

12 1.488 0.996+0.040
�0.038 2.4

13 1.922 0.991+0.036
�0.037 2.9

nificance of BAO detection are biased towards low values of ↵i,
which explains why the joint value of ↵ increases when they are
removed. On the other hand, bins at ze↵ > 0.9 are overall biased
towards larger values of ↵i, which explains why removing them
decreases the value of the joint ↵. The large di↵erence in the un-
certainty values for these last two cases (1.3 against 2.8�all bins),
can be explained by the much tighter constraints obtained at high
redshift, where the BAO peak is not smeared.

5.3. Individual bins BAO measurement

The template fit is now applied to one redshift bin at a time,
yielding 13 values of the ↵ parameter. This reduces the constrain-
ing power over each ↵ but gives information about the redshift
evolution which can be used to constrain cosmological parame-
ters as explained in Sect. 3.3. It is also a more relevant analysis
in our setup given the caveat of fitting a unique ↵ explained at
the end of Sect. 5.1.

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� uncertainty is larger at low redshift. This is due to
the smearing of the BAO signal by the non-linear evolution of
the large-scale structures under the e↵ect of gravitation. This is
clearly visible in Fig. 2 where the BAO is much more peaked
at higher redshift. The parameter ↵ is compatible with ↵ = 1
within 1� in all redshift bins with the exception of bin 11 at
ze↵ = 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 �NMAD =
0.024. As for the level of detection of the BAO signal, we find
three redshift bins with no significant detection, bins 1, 4, and 6.
Otherwise, the significance of the detections ranges between 1.1
and 4.0� detections, with a maximum at ze↵ = 1.245 and the
1� uncertainty on ↵ decreases as the detection level increases,
as expected.
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Euclid Collaboration: Duret et al.: BAO analysis of photometric galaxy clustering in configuration space

Table 3. Values of ↵ extracted from the MCMC analysis in a DR1-
like setting in each equidistant redshift bin. The detection level �det is
defined in Eq. (22).

Bin zmin ze↵ zmax ↵ �det (�)

1 0.200 0.307 0.396 1.055+0.102
�0.148 no detection

2 0.396 0.432 0.507 1.021+0.118
�0.131 no detection

3 0.507 0.578 0.657 1.086+0.068
�0.106 1.2

4 0.657 0.727 0.840 0.909+0.113
�0.070 1.2

5 0.840 0.893 1.040 1.016+0.120
�0.155 no detection

6 1.040 1.325 2.500 1.045+0.079
�0.089 1.1

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� with the measured data vector
and 0.08� with a noise-free synthetic data vector computed like
the theoretical model.

The impact of the choice of fiducial cosmology is investi-
gated by varying h from 0.67 to 0.73. Galaxy bias is fitted again
before repeating the MCMC analysis bin by bin. We expect a
shift of ↵ by a factor

DA(h = 0.73,⌦b,⌦cdm)
rs, drag(h = 0.73,⌦b,⌦cdm)

rs, drag(h = 0.67,⌦b,⌦cdm)
DA(h = 0.67,⌦b,⌦cdm)

= 0.982 .

(24)

After correction by this shift, we measure a remaining maxi-
mum relative di↵erence |�↵|/↵ 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 vary ⌦cdm by ± 5�Planck, keeping h = 0.67 and
⌦b = 0.049. With ⌦cdm = 0.281 and ⌦cdm = 0.259, we respec-
tively find a remaining maximum relative di↵erence |�↵|/↵ of
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 6 redshift bins, a selection cut at IE  23.5, and
covering 2500 deg2. The measurement of w(✓) and BAO analy-
sis were done following the same procedure. In this case, we find
that the constraints on ↵ in bins 1 to 6 are listed in Table 3.

These constraints are in agreement with ↵ = 1 within 1�.
If we compare bins of similar e↵ective redshifts, the constraints
are about 20% weaker than with 13 bins in the first bins and sig-
nificantly worse in the last two bins. The detection of the BAO
signal is overall weaker than with 13 redshift bins, with no sig-
nificant detection in bins 1, 2, and 5 and with �det  1.2 in the
other bins. These results are expected from the larger uncertain-
ties on w(✓) and the larger bins : intra-bin variations of the BAO
scale dilute the signal. Note that the LSST-like photometry as-
sumed 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 release. Instead, photom-
etry from the Dark Energy Survey will be used (Abbott et al.
2018). For this reason, the fact that the redshift distribution p(z)
is well known is only true with the Flagship simulation. With
data, calibrating the p(z) bias and stretch prior to the analysis will
be mandatory, as in Abbott et al. (2024). Ideally, these nuisance
parameters for the bias and stretch of p(z) will be marginalized
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Fig. 6. Constraints on h, ⌦b, and ⌦cdm from BAO with Planck priors.
The use of ↵i derived from a synthetic two-point angular correlation
function allows us to check that the biases observed with the measured
data vector and shown in blue are decreased, by a factor of 3 for the
largest one, on ⌦cdm.

over in the MCMC analysis of DR1 data as in Bertmann et al., in
prep. These constraints could probably be improved with anal-
ysis choices tailored to this sample, for example with di↵erent
scale cuts.

5.4. Cosmological constraints from BAO

One can constrain the h, ⌦b, and ⌦cdm parameters by sam-
pling them in their dependence with respect to the values of
↵i, i 2 [1, 13] (Eq. (20) and Appendix A) obtained by template
fitting in each individual bin. We list in Table 2 the values of
↵i and the associated uncertainties obtained by MCMC anal-
ysis. In Fig. 6, we show the constraints on h, ⌦b, and ⌦cdm.
We obtain h = 0.669 ± 0.003, 100⌦b = 4.921+0.044

�0.046, and
⌦cdm = 0.293+0.023

�0.022, which is in agreement with the simulation
cosmology. Using the synthetic data vector instead of the mea-
sured two-point angular correlation function to extract the ↵i and
then obtain cosmological constraints with the same analysis, we
check that the bias on ⌦cdm decreases from 1� to 0.3�.

We check how excluding one or some redshift bins from this
analysis a↵ects the cosmological constraints. Figure 7 groups all
results for h, ⌦b, and ⌦cdm with Planck priors. We consider the
↵i, i 2 [1, 13] obtained by template fitting on w(✓) measured on
Flagship in blue, or a noise-free synthetic w(✓) computed like the
theoretical model in orange. We first remove one redshift bin at
a time. With the measured w(✓), redshift bin 11 seems to have a
large weight in shifting h towards smaller values: when it is ex-
cluded, we recover a less biased estimate of h,⌦b, and⌦cdm with
a shift of 0.3, 0.2, and 0.4� respectively. Removing the other
bins has a much smaller e↵ect. Results are also shown when re-
moving redshift bins with no BAO detection (bins 1, 4, and 6),
low-redshift bins (1 to 8), and high-redshift bins (9 to 13). Apart
from the e↵ect seen from removing bin 11, we find that high-
redshift bins tend to bias h towards lower values while ⌦b and
⌦cdm are biased towards larger values. However, high-redshift
bins also provide the tightest constraints, with an increase of the
uncertainty of h, ⌦b, and ⌦cdm by 23%, 30%, and 87% respec-
tively when they are removed. Replacing ↵i obtained from the
measured w(✓) by the ones from a synthetic w(✓), we find that
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[*] Relativistic & wide-angle effects
• Team: F. Montano, S. Camera, M.Y. Elkhashab (INAF-OATs), J. Salvalaggio (UniTS)
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• Results: 

• Derived and implemented the cross-correlation power spectrum model in the PBJ code—and it can 
consequently be easily absorbed into the official EC likelihood code, CLOE
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[*] Relativistic & wide-angle effects
• Team: F. Montano, S. Camera, M.Y. Elkhashab (INAF-OATs), J. Salvalaggio (UniTS) 

• Results: 

• Derived and implemented the cross-correlation power spectrum model in the PBJ code—and it can 
consequently be easily absorbed into the official EC likelihood code, CLOE 

• Created low-resolution mocks to estimate the cross-spectrum signal
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25• Team: F. Montano, S. Camera, M.Y. Elkhashab (INAF-OATs), J. Salvalaggio (UniTS) 

• Results: 

• Derived and implemented the cross-correlation power spectrum model in the PBJ code—and it can 
consequently be easily absorbed into the official EC likelihood code, CLOE 

• Created low-resolution mocks to estimate the cross-spectrum signal 

• Confirmed that wide-angle corrections recover observed odd Legendre multipoles of the Euclid Large Mocks

[*] Relativistic & wide-angle effects
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Fig. 14. Marginalised 1D distributions (diagonal) and 2D (o↵-diagonal) 68% and 95% contours for a selection of parameters of the
w0waCDM+

P
m⌫+Ne↵ model obtained by fitting Euclid+Planck (orange), and Euclid+CMB-S4+LiteBIRD (green). The horizontal and vertical

dashed lines mark the fiducial values.

eral nuisance parameters. With a more optimistic modelling, the
same data may lead to tighter constraints.

Combination with CMB. In Figs. 14 and 15, we
show the constraints placed on the parameters of the
w0waCDM+

P
m⌫+�Ne↵ and ⇤CDM+

P
m⌫ models for the

combination of Euclid probes with CMB experiments,
Euclid+Planck (orange contours), and Euclid+CMB-
S4+LiteBIRD (green contours). The same figure for the
other cosmological models can be found in Appendix F.
These figures show that the Euclid probes will play a crucial
role in improving constraints on the cosmological parameters
considered in this work. As a matter of fact, we can identify
several cases in which future CMB data sets allow for parameter
degeneracies that are broken by Euclid probes.

This is particularly true for the degeneracy between
P

m⌫ and
h. We already discussed above why these parameters are corre-
lated in a CMB-only analysis, and why the Euclid probes can
break this degeneracy, as can be checked again by comparing
the {
P

m⌫, h} panel of Fig. 13 with the same panel in Fig. 14
(see also Fig. 15). Additionally, when CMB data are taken into
account, the observable impact of the total neutrino mass is best
described by the bottom panel of Fig. 1, and amounts mainly
to an overall (redshift-dependent) suppression of the matter and
cold-plus-baryonic power spectra. Then, the role of CMB data
is to fix the amplitude of the primordial spectrum of fluctua-
tions at high redshift (modulo some uncertainty on the optical
depth to reionisation that depends on CMB polarisation mea-

Fig. 15. Same as Fig. 14, but for the ⇤CDM+
P

m⌫ model.

surements on large angular scales), while the Euclid WL probe
fixes the amplitude of the matter and cold-plus-baryonic power
spectra at low redshift. Therefore, the combination of Euclid and
CMB complementary data yields much stronger bounds on

P
m⌫

than either of the two data sets taken separately, allowing even-
tually for a neutrino mass detection. Even in the minimal hierar-
chy scenario, which we assume as our fiducial model, the joint

A58, page 21 of 37



St
ef

an
o 

C
am

er
a 

Eu
cl

id
-IN

FN
@

TO
 A

ct
iv

ity
 R

ep
or

t 2
0

25
 

1 ·
 IX

 · 
20

25

A&A, 693, A58 (2025)
https://doi.org/10.1051/0004-6361/202450859
c� The Authors 2024

Astronomy
&

Astrophysics

Euclid preparation

LIV. Sensitivity to neutrino parameters

Euclid Collaboration: M. Archidiacono1,2,? , J. Lesgourgues 3, S. Casas 3, S. Pamuk 3, N. Schöneberg 4,
Z. Sakr 5,6,7, G. Parimbelli 8,9,10, A. Schneider 11, F. Hervas Peters12,11, F. Pace 13,14,15, V. M. Sabarish 3,16,

M. Costanzi 17,18,19, S. Camera 13,14,15, C. Carbone 20, S. Clesse 21, N. Frusciante22, A. Fumagalli23,19,
P. Monaco 17,18,24,19, D. Scott 25, M. Viel 19,18,10,24,26, A. Amara27, S. Andreon 28, N. Auricchio 29,

M. Baldi 30,29,31, S. Bardelli 29, C. Bodendorf32, D. Bonino 15, E. Branchini 33,34,28, M. Brescia 22,35,36,
J. Brinchmann 37, V. Capobianco 15, V. F. Cardone38,39, J. Carretero 40,41, M. Castellano 38, S. Cavuoti 35,36,

A. Cimatti42, G. Congedo 43, C. J. Conselice44, L. Conversi 45,46, Y. Copin 47, F. Courbin 48, H. M. Courtois 49,
A. Da Silva 50,51, H. Degaudenzi 52, M. Douspis53, F. Dubath 52, C. A. J. Duncan44,54, X. Dupac46, S. Dusini 55,
A. Ealet47, M. Farina 56, S. Farrens 57, S. Ferriol47, M. Frailis 18, E. Franceschi 29, S. Galeotta 18, B. Gillis 43,
C. Giocoli 29,58, A. Grazian 59, F. Grupp32,60, L. Guzzo 1,28,2, S. V. H. Haugan 61, H. Hoekstra 62, F. Hormuth63,

A. Hornstrup 64,65, K. Jahnke 66, B. Joachimi 67, E. Keihänen 68, S. Kermiche 69, A. Kiessling 70,
M. Kilbinger 12, T. Kitching 71, B. Kubik47, M. Kunz 72, H. Kurki-Suonio 73,74, S. Ligori 15, P. B. Lilje 61,

V. Lindholm 73,74, I. Lloro75, D. Maino1,20,2, E. Maiorano 29, O. Mansutti 18, O. Marggraf 76, K. Markovic 70,
N. Martinet 77, F. Marulli 78,29,31, R. Massey 79, S. Maurogordato80, H. J. McCracken 81, E. Medinaceli 29,

S. Mei 82, Y. Mellier83,81, M. Meneghetti 29,31, E. Merlin 38, G. Meylan48, M. Moresco 78,29,
L. Moscardini 78,29,31, E. Munari 18, S.-M. Niemi84, J. W. Nightingale 85,79, C. Padilla 40, S. Paltani 52,
F. Pasian18, K. Pedersen86, W. J. Percival 87,88,89, V. Pettorino90, S. Pires 57, G. Polenta 91, M. Poncet92,

L. A. Popa93, L. Pozzetti 29, F. Raison 32, R. Rebolo94,95, A. Renzi 96,55, J. Rhodes70, G. Riccio35, E. Romelli 18,
M. Roncarelli 29, R. Saglia 60,32, D. Sapone 97, B. Sartoris60,18, R. Scaramella 38,39, M. Schirmer 66,
P. Schneider 76, T. Schrabback 98, A. Secroun 69, G. Seidel 66, S. Serrano 99,8,100, C. Sirignano 96,55,
G. Sirri 31, L. Stanco 55, P. Tallada-Crespí 101,41, A. N. Taylor43, I. Tereno50,102, R. Toledo-Moreo 103,

F. Torradeflot 41,101, I. Tutusaus 6, L. Valenziano 29,104, T. Vassallo 60,18, A. Veropalumbo 28,34, Y. Wang 105,
J. Weller 60,32, G. Zamorani 29, J. Zoubian69, E. Zucca 29, A. Biviano 18,19, A. Boucaud 82, E. Bozzo 52,

C. Burigana 106,104, M. Calabrese 107,20, C. Colodro-Conde94, M. Crocce 8,108, G. Fabbian109,110,
J. Graciá-Carpio32, G. Mainetti111, M. Martinelli 38,39, N. Mauri 42,31, C. Neissner 40,41, V. Scottez83,112,

M. Tenti 31, M. Wiesmann 61, Y. Akrami 113,114, S. Anselmi 55,96,115, C. Baccigalupi 10,18,24,19,
M. Ballardini 116,117,29, F. Bernardeau118,81, D. Bertacca 96,59,55, S. Borgani 17,19,18,24, E. Borsato96,55,
S. Bruton 119, R. Cabanac 6, A. Cappi29,80, C. S. Carvalho102, G. Castignani 78,29, T. Castro 18,24,19,26,

G. Cañas-Herrera 84,120, K. C. Chambers 121, S. Contarini 32,78, A. R. Cooray 122, J. Coupon52, S. Davini 34,
S. de la Torre77, G. De Lucia 18, G. Desprez123, S. Di Domizio 33,34, A. Díaz-Sánchez 124, J. A. Escartin Vigo32,
S. Esco�er 69, P. G. Ferreira54, I. Ferrero 61, F. Finelli 29,104, L. Gabarra54, K. Ganga 82, J. García-Bellido 113,
E. Gaztanaga 8,99,125, F. Giacomini 31, G. Gozaliasl 126,73, A. Gregorio 17,18,24, A. Hall 43, H. Hildebrandt 127,
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Fig. 14. Marginalised 1D distributions (diagonal) and 2D (o↵-diagonal) 68% and 95% contours for a selection of parameters of the
w0waCDM+

P
m⌫+Ne↵ model obtained by fitting Euclid+Planck (orange), and Euclid+CMB-S4+LiteBIRD (green). The horizontal and vertical

dashed lines mark the fiducial values.

eral nuisance parameters. With a more optimistic modelling, the
same data may lead to tighter constraints.

Combination with CMB. In Figs. 14 and 15, we
show the constraints placed on the parameters of the
w0waCDM+

P
m⌫+�Ne↵ and ⇤CDM+

P
m⌫ models for the

combination of Euclid probes with CMB experiments,
Euclid+Planck (orange contours), and Euclid+CMB-
S4+LiteBIRD (green contours). The same figure for the
other cosmological models can be found in Appendix F.
These figures show that the Euclid probes will play a crucial
role in improving constraints on the cosmological parameters
considered in this work. As a matter of fact, we can identify
several cases in which future CMB data sets allow for parameter
degeneracies that are broken by Euclid probes.

This is particularly true for the degeneracy between
P

m⌫ and
h. We already discussed above why these parameters are corre-
lated in a CMB-only analysis, and why the Euclid probes can
break this degeneracy, as can be checked again by comparing
the {
P

m⌫, h} panel of Fig. 13 with the same panel in Fig. 14
(see also Fig. 15). Additionally, when CMB data are taken into
account, the observable impact of the total neutrino mass is best
described by the bottom panel of Fig. 1, and amounts mainly
to an overall (redshift-dependent) suppression of the matter and
cold-plus-baryonic power spectra. Then, the role of CMB data
is to fix the amplitude of the primordial spectrum of fluctua-
tions at high redshift (modulo some uncertainty on the optical
depth to reionisation that depends on CMB polarisation mea-

Fig. 15. Same as Fig. 14, but for the ⇤CDM+
P

m⌫ model.

surements on large angular scales), while the Euclid WL probe
fixes the amplitude of the matter and cold-plus-baryonic power
spectra at low redshift. Therefore, the combination of Euclid and
CMB complementary data yields much stronger bounds on

P
m⌫

than either of the two data sets taken separately, allowing even-
tually for a neutrino mass detection. Even in the minimal hierar-
chy scenario, which we assume as our fiducial model, the joint
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trinos become non-relativistic when m⌫ � T⌫ , which
happens at znr ⇡ 1890 (m⌫/eV). In the relativistic limit,
z � znr, the energy density of neutrinos depends only on
their number and temperature:

⇢⌫(z � znr) = Ne↵
7⇡

2

120
T

4
⌫,0(1 + z)4, (4)

where Ne↵ is the e↵ective number of relativistic species
and T⌫,0 their present-day temperature. After becoming
non-relativistic, z ⌧ znr, their energy density scales with
mass:

⇢⌫(z ⌧ znr) =

P
m⌫

93.14 eVh2

3H
2
0

8⇡G
(1 + z)3. (5)

Hence, neutrinos contribute to the radiation density at
early times and to the matter density at late times, leav-
ing a unique imprint on the cosmic expansion history.

A. Expansion history

Galaxy BAO measurements determine a particular an-
gular scale and a redshift separation,

�✓ =
rd

DM(z)
and �z =

rd

c/H(z)
, (6)

in the clustering of galaxies. These measurements probe
the dimensionless ratio of a characteristic length scale,
rd, imprinted on the matter distribution in the early
Universe, to the late-time comoving angular diameter
distance, DM(z), or expansion length, c/H(z), at the
e↵ective redshift, z, of the galaxy sample. The scale
rd = rs(zd) corresponds to the sound horizon,

rs(z) =

Z 1

z

cs(z0)

H(z0)
dz

0
, (7)

at the baryon drag epoch, zd ⇡ 1060, when baryons
decouple from photons. In the above expression, cs is
the sound speed of the primordial baryon-photon plasma.
When it comes to neutrino masses, the power of the BAO
technique lies in a key property that distinguishes neu-
trinos from cold dark matter: they are relativistic at the
time, zd, when the scale rd is imprinted in the matter
distribution, but non-relativistic at the time when the
BAO measurements are made.

The late-time quantities probed by BAO are the Hub-
ble rate, H(z) = H0E(z), and the transverse comoving
distance, DM(z). The former is given by

E(z) =
h
⌦cb(1 + z)3 + ⌦r(1 + z)4 + ⌦K(1 + z)2 +

⌦⌫
⇢⌫(z)

⇢⌫,0
+ ⌦⇤

i1/2
.

(8)

Here, ⌦cb is the fraction of the critical density in cold
dark matter and baryons, ⌦r the fraction of radiation,
⌦K the fraction of curvature, ⌦⌫ the present fraction of
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FIG. 1. Constraints on the sum of e↵ective neutrino masses,P
m⌫,e↵ , and ⌦m for DESI DR2 BAO (see Section III A)

combined with di↵erent BBN and CMB priors (‘nl’ stands
for no CMB lensing). The contours enclose 68% and 95% of
the posterior volume. Note that the figure shows the e↵ective
cosmological neutrino mass parameter, which can be extended
to negative values, as discussed in Section V B.

massive neutrinos, and ⌦⇤ = 1 � ⌦cb � ⌦r � ⌦K � ⌦⌫

the fraction of dark energy, in the simplest case of a
cosmological constant. In a flat FLRW cosmology, the
transverse comoving distance is

DM(z) =
c

H0

Z z

0

dz
0

E(z0)
. (9)

DESI measures the BAO scale after the non-relativistic
transition, z ⌧ znr, when massive neutrinos contribute
simply to the matter density, ⌦m = ⌦cb + ⌦⌫ . At late
times, neglecting also ⌦r for simplicity, we thus have

E(z) ⇡
p

⌦m(1 + z)3 + ⌦⇤. (10)

Regardless of any calibration of rd, BAO measurements
at di↵erent redshifts constrain the relative distances
DM(z1)/DM(z2) and expansion rates E(z1)/E(z2). From
Eqs. (6), (9) and (10), we see that these measurements
constrain ⌦m = ⌦cb + ⌦⌫ , but cannot distinguish mas-
sive neutrinos from cold dark matter. Moreover, Eq. (5)
shows that we additionally need to determine h in order
to infer

P
m⌫ from ⌦⌫ , and this requires calibration of

the standard ruler, rd.
To illustrate that

P
m⌫ remains entirely unconstrained

from BAO alone, we present the cosmological constraints
from DESI DR2 BAO on ⌦m and

P
m⌫ in Fig. 1. These

results were obtained using the data and methods de-
scribed in detail in Section III.

Additional information on ⌦m can be obtained from
measurements of the acoustic angular scale, ✓⇤ =
r⇤/DM(z⇤), in the CMB. Although this is a close ana-
logue of the BAO feature, ✓⇤ measures the sound horizon

[DESI Collaboration: Elbers et al. 2025]
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Fig. 14. Marginalised 1D distributions (diagonal) and 2D (o↵-diagonal) 68% and 95% contours for a selection of parameters of the
w0waCDM+

P
m⌫+Ne↵ model obtained by fitting Euclid+Planck (orange), and Euclid+CMB-S4+LiteBIRD (green). The horizontal and vertical

dashed lines mark the fiducial values.

eral nuisance parameters. With a more optimistic modelling, the
same data may lead to tighter constraints.

Combination with CMB. In Figs. 14 and 15, we
show the constraints placed on the parameters of the
w0waCDM+

P
m⌫+�Ne↵ and ⇤CDM+

P
m⌫ models for the

combination of Euclid probes with CMB experiments,
Euclid+Planck (orange contours), and Euclid+CMB-
S4+LiteBIRD (green contours). The same figure for the
other cosmological models can be found in Appendix F.
These figures show that the Euclid probes will play a crucial
role in improving constraints on the cosmological parameters
considered in this work. As a matter of fact, we can identify
several cases in which future CMB data sets allow for parameter
degeneracies that are broken by Euclid probes.

This is particularly true for the degeneracy between
P

m⌫ and
h. We already discussed above why these parameters are corre-
lated in a CMB-only analysis, and why the Euclid probes can
break this degeneracy, as can be checked again by comparing
the {
P

m⌫, h} panel of Fig. 13 with the same panel in Fig. 14
(see also Fig. 15). Additionally, when CMB data are taken into
account, the observable impact of the total neutrino mass is best
described by the bottom panel of Fig. 1, and amounts mainly
to an overall (redshift-dependent) suppression of the matter and
cold-plus-baryonic power spectra. Then, the role of CMB data
is to fix the amplitude of the primordial spectrum of fluctua-
tions at high redshift (modulo some uncertainty on the optical
depth to reionisation that depends on CMB polarisation mea-

Fig. 15. Same as Fig. 14, but for the ⇤CDM+
P

m⌫ model.

surements on large angular scales), while the Euclid WL probe
fixes the amplitude of the matter and cold-plus-baryonic power
spectra at low redshift. Therefore, the combination of Euclid and
CMB complementary data yields much stronger bounds on

P
m⌫

than either of the two data sets taken separately, allowing even-
tually for a neutrino mass detection. Even in the minimal hierar-
chy scenario, which we assume as our fiducial model, the joint
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trinos become non-relativistic when m⌫ � T⌫ , which
happens at znr ⇡ 1890 (m⌫/eV). In the relativistic limit,
z � znr, the energy density of neutrinos depends only on
their number and temperature:

⇢⌫(z � znr) = Ne↵
7⇡

2

120
T

4
⌫,0(1 + z)4, (4)

where Ne↵ is the e↵ective number of relativistic species
and T⌫,0 their present-day temperature. After becoming
non-relativistic, z ⌧ znr, their energy density scales with
mass:

⇢⌫(z ⌧ znr) =

P
m⌫

93.14 eVh2

3H
2
0

8⇡G
(1 + z)3. (5)

Hence, neutrinos contribute to the radiation density at
early times and to the matter density at late times, leav-
ing a unique imprint on the cosmic expansion history.

A. Expansion history

Galaxy BAO measurements determine a particular an-
gular scale and a redshift separation,

�✓ =
rd

DM(z)
and �z =

rd

c/H(z)
, (6)

in the clustering of galaxies. These measurements probe
the dimensionless ratio of a characteristic length scale,
rd, imprinted on the matter distribution in the early
Universe, to the late-time comoving angular diameter
distance, DM(z), or expansion length, c/H(z), at the
e↵ective redshift, z, of the galaxy sample. The scale
rd = rs(zd) corresponds to the sound horizon,

rs(z) =

Z 1

z

cs(z0)

H(z0)
dz

0
, (7)

at the baryon drag epoch, zd ⇡ 1060, when baryons
decouple from photons. In the above expression, cs is
the sound speed of the primordial baryon-photon plasma.
When it comes to neutrino masses, the power of the BAO
technique lies in a key property that distinguishes neu-
trinos from cold dark matter: they are relativistic at the
time, zd, when the scale rd is imprinted in the matter
distribution, but non-relativistic at the time when the
BAO measurements are made.

The late-time quantities probed by BAO are the Hub-
ble rate, H(z) = H0E(z), and the transverse comoving
distance, DM(z). The former is given by

E(z) =
h
⌦cb(1 + z)3 + ⌦r(1 + z)4 + ⌦K(1 + z)2 +

⌦⌫
⇢⌫(z)

⇢⌫,0
+ ⌦⇤

i1/2
.

(8)

Here, ⌦cb is the fraction of the critical density in cold
dark matter and baryons, ⌦r the fraction of radiation,
⌦K the fraction of curvature, ⌦⌫ the present fraction of
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FIG. 1. Constraints on the sum of e↵ective neutrino masses,P
m⌫,e↵ , and ⌦m for DESI DR2 BAO (see Section III A)

combined with di↵erent BBN and CMB priors (‘nl’ stands
for no CMB lensing). The contours enclose 68% and 95% of
the posterior volume. Note that the figure shows the e↵ective
cosmological neutrino mass parameter, which can be extended
to negative values, as discussed in Section V B.

massive neutrinos, and ⌦⇤ = 1 � ⌦cb � ⌦r � ⌦K � ⌦⌫

the fraction of dark energy, in the simplest case of a
cosmological constant. In a flat FLRW cosmology, the
transverse comoving distance is

DM(z) =
c

H0

Z z

0

dz
0

E(z0)
. (9)

DESI measures the BAO scale after the non-relativistic
transition, z ⌧ znr, when massive neutrinos contribute
simply to the matter density, ⌦m = ⌦cb + ⌦⌫ . At late
times, neglecting also ⌦r for simplicity, we thus have

E(z) ⇡
p

⌦m(1 + z)3 + ⌦⇤. (10)

Regardless of any calibration of rd, BAO measurements
at di↵erent redshifts constrain the relative distances
DM(z1)/DM(z2) and expansion rates E(z1)/E(z2). From
Eqs. (6), (9) and (10), we see that these measurements
constrain ⌦m = ⌦cb + ⌦⌫ , but cannot distinguish mas-
sive neutrinos from cold dark matter. Moreover, Eq. (5)
shows that we additionally need to determine h in order
to infer

P
m⌫ from ⌦⌫ , and this requires calibration of

the standard ruler, rd.
To illustrate that

P
m⌫ remains entirely unconstrained

from BAO alone, we present the cosmological constraints
from DESI DR2 BAO on ⌦m and

P
m⌫ in Fig. 1. These

results were obtained using the data and methods de-
scribed in detail in Section III.

Additional information on ⌦m can be obtained from
measurements of the acoustic angular scale, ✓⇤ =
r⇤/DM(z⇤), in the CMB. Although this is a close ana-
logue of the BAO feature, ✓⇤ measures the sound horizon
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w0waCDM+

P
m⌫+Ne↵ model obtained by fitting Euclid+Planck (orange), and Euclid+CMB-S4+LiteBIRD (green). The horizontal and vertical

dashed lines mark the fiducial values.

eral nuisance parameters. With a more optimistic modelling, the
same data may lead to tighter constraints.

Combination with CMB. In Figs. 14 and 15, we
show the constraints placed on the parameters of the
w0waCDM+

P
m⌫+�Ne↵ and ⇤CDM+

P
m⌫ models for the

combination of Euclid probes with CMB experiments,
Euclid+Planck (orange contours), and Euclid+CMB-
S4+LiteBIRD (green contours). The same figure for the
other cosmological models can be found in Appendix F.
These figures show that the Euclid probes will play a crucial
role in improving constraints on the cosmological parameters
considered in this work. As a matter of fact, we can identify
several cases in which future CMB data sets allow for parameter
degeneracies that are broken by Euclid probes.

This is particularly true for the degeneracy between
P

m⌫ and
h. We already discussed above why these parameters are corre-
lated in a CMB-only analysis, and why the Euclid probes can
break this degeneracy, as can be checked again by comparing
the {
P

m⌫, h} panel of Fig. 13 with the same panel in Fig. 14
(see also Fig. 15). Additionally, when CMB data are taken into
account, the observable impact of the total neutrino mass is best
described by the bottom panel of Fig. 1, and amounts mainly
to an overall (redshift-dependent) suppression of the matter and
cold-plus-baryonic power spectra. Then, the role of CMB data
is to fix the amplitude of the primordial spectrum of fluctua-
tions at high redshift (modulo some uncertainty on the optical
depth to reionisation that depends on CMB polarisation mea-

Fig. 15. Same as Fig. 14, but for the ⇤CDM+
P

m⌫ model.

surements on large angular scales), while the Euclid WL probe
fixes the amplitude of the matter and cold-plus-baryonic power
spectra at low redshift. Therefore, the combination of Euclid and
CMB complementary data yields much stronger bounds on

P
m⌫

than either of the two data sets taken separately, allowing even-
tually for a neutrino mass detection. Even in the minimal hierar-
chy scenario, which we assume as our fiducial model, the joint
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EMU and Euclid: Detection of a radio-optical galaxy clustering
cross-correlation signal between EMU and Euclid ?
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D. Parkinson,9 N. Tessore,10 K. Tanidis,5 M. Kunz,11 A.M. Hopkins,12 T. Vernstrom,13,14 A.D. Asher,15,16 M. Regis,1,2

Michael J. I. Brown,17 Daniela Carollo,18 Tayyaba Zafar12

(A�liations can be found after the references)

August 27, 2025

ABSTRACT

Synergies between large-scale radio-continuum and optical/near-infrared galaxy surveys have long been recognised as a powerful tool for cos-
mology. Cross-correlating these surveys can be used to constrain the redshift distribution of radio sources, mitigate systematic e↵ects, and place
strong constraints on cosmological models. We perform the first measurement of the clustering cross-spectrum between radio-continuum sources
in the Evolutionary Map of the Universe (EMU) survey and galaxies from the ESA Euclid satellite mission’s Q1 release. Our goal is to detect and
characterise the cross-correlation signal, test its robustness against systematic e↵ects, and compare our measurements with theoretical predictions.
We use data from the Australian SKA Pathfinder’s (ASKAP) EMU Main Survey, which overlaps with the 28 deg2 Euclid Deep Field South. We
generate two radio-source catalogues using di↵erent source finders to create galaxy maps. We measure the harmonic-space cross-correlation signal
using a pseudo-spectrum estimator for angular multipoles up to ` . 800, roughly corresponding to angular separations above 130.5. The measured
signal is compared to theoretical predictions based on a fiducial ⇤CDM cosmology, using several models for the EMU source redshift distribution
and bias. We report a > 8�-significance detection of the cross-correlation signal consistent across all tested models and data sets. The measured
cross-power spectra from the two independently generated radio catalogues are in excellent agreement, demonstrating that the cross-correlation is
robust against the choice of source-finding algorithm, a key potential systematic. The measured signal also shows good agreement with theoretical
models developed from previous cross-correlation studies and simulations.
This pathfinder study successfully establishes a statistically significant cross-correlation between EMU and Euclid. The robustness of the signal is
a crucial validation of the methodology, paving the way for future large-scale analyses that will leverage the full power of this synergy to constrain
cosmological parameters and our understanding of galaxy evolution.
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1. Introduction

The concordance cosmological model, ⇤CDM, has been re-
markably successful in describing the evolution and large-scale
properties of the Universe. However, the physical nature of its
two main components, dark matter and dark energy, remains one5
of the most profound mysteries in modern physics, amplified by
recent results favouring time evolution of the latter (DESI Col-
laboration: Abdul-Karim et al. 2025; DESI Collaboration et al.
2025). To test the⇤CDM paradigm and precisely measure its pa-
rameters, we can rely on mapping the large-scale structure (LSS)10
of the Universe. The spatial distribution of matter, as traced by
galaxies and other astrophysical objects, is a powerful reposi-
tory of information about the initial conditions of the Universe,
its expansion history, and the growth of cosmic structures over
time.15

Upcoming and ongoing large-volume surveys are set to map
the LSS with unprecedented precision, opening a new era of ob-
servational cosmology. A particularly powerful technique in this
endeavour is the multi-tracer approach (e.g. Seljak 2009; Fon-
seca et al. 2015), which involves combining data from di↵erent20
surveys that trace the same underlying matter density field. By
cross-correlating di↵erent populations of objects (e.g. galaxies
? This paper is published on behalf of the EMU Collaboration and

the Euclid Consortium.
?? e-mail: giulia.piccirilli@unito.it
??? e-mail: benedict.bahrkalus@inaf.it

observed at di↵erent wavelengths), one can mitigate the e↵ects
of cosmic variance, break the degeneracy between astrophysical
bias and fundamental cosmological parameters, and gain tighter 25
control over survey-specific systematic errors. This is particu-
larly crucial for studies of ultra-large-scale e↵ects such as the
scale dependent bias e↵ect or the integrated Sachs-Wolfe ef-
fect, whose measurements su↵er from cosmic variance limita-
tions and are prone to large-scale systematics (e.g. Bahr-Kalus 30
et al. 2022; Rezaie et al. 2024).

A promising pairing to cross-correlate are radio and
optical/near-infrared galaxy surveys (e.g. Cunnington et al.
2023; Zheng et al. 2025). This work focuses on the synergy
between two landmark surveys: ESA’s Euclid mission and the 35
Evolutionary Map of the Universe (EMU). The Euclid mission
(Laureijs et al. 2011; Euclid Collaboration: Mellier et al. 2025)
is designed to map the geometry of the dark Universe by mea-
suring the shapes and redshifts of billions of galaxies out to a
redshift of z ⇡ 2.5 and beyond, over a third of the sky. Its pri- 40
mary goals are to constrain the nature of dark energy and test
General Relativity (Einstein 1915) by using weak gravitational
lensing and galaxy clustering. In addition to its wide survey, Eu-
clid repeatedly observes several Deep Fields to provide a deeper,
multi-faceted view of the cosmos. 45

Complementing Euclid’s optical and near-infrared view, the
EMU survey (Norris et al. 2011; Hopkins et al. 2025) is creating
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ABSTRACT

Synergies between large-scale radio-continuum and optical/near-infrared galaxy surveys have long been recognised as a powerful tool for cos-
mology. Cross-correlating these surveys can be used to constrain the redshift distribution of radio sources, mitigate systematic e↵ects, and place
strong constraints on cosmological models. We perform the first measurement of the clustering cross-spectrum between radio-continuum sources
in the Evolutionary Map of the Universe (EMU) survey and galaxies from the ESA Euclid satellite mission’s Q1 release. Our goal is to detect and
characterise the cross-correlation signal, test its robustness against systematic e↵ects, and compare our measurements with theoretical predictions.
We use data from the Australian SKA Pathfinder’s (ASKAP) EMU Main Survey, which overlaps with the 28 deg2 Euclid Deep Field South. We
generate two radio-source catalogues using di↵erent source finders to create galaxy maps. We measure the harmonic-space cross-correlation signal
using a pseudo-spectrum estimator for angular multipoles up to ` . 800, roughly corresponding to angular separations above 130.5. The measured
signal is compared to theoretical predictions based on a fiducial ⇤CDM cosmology, using several models for the EMU source redshift distribution
and bias. We report a > 8�-significance detection of the cross-correlation signal consistent across all tested models and data sets. The measured
cross-power spectra from the two independently generated radio catalogues are in excellent agreement, demonstrating that the cross-correlation is
robust against the choice of source-finding algorithm, a key potential systematic. The measured signal also shows good agreement with theoretical
models developed from previous cross-correlation studies and simulations.
This pathfinder study successfully establishes a statistically significant cross-correlation between EMU and Euclid. The robustness of the signal is
a crucial validation of the methodology, paving the way for future large-scale analyses that will leverage the full power of this synergy to constrain
cosmological parameters and our understanding of galaxy evolution.
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1. Introduction

The concordance cosmological model, ⇤CDM, has been re-
markably successful in describing the evolution and large-scale
properties of the Universe. However, the physical nature of its
two main components, dark matter and dark energy, remains one5
of the most profound mysteries in modern physics, amplified by
recent results favouring time evolution of the latter (DESI Col-
laboration: Abdul-Karim et al. 2025; DESI Collaboration et al.
2025). To test the⇤CDM paradigm and precisely measure its pa-
rameters, we can rely on mapping the large-scale structure (LSS)10
of the Universe. The spatial distribution of matter, as traced by
galaxies and other astrophysical objects, is a powerful reposi-
tory of information about the initial conditions of the Universe,
its expansion history, and the growth of cosmic structures over
time.15

Upcoming and ongoing large-volume surveys are set to map
the LSS with unprecedented precision, opening a new era of ob-
servational cosmology. A particularly powerful technique in this
endeavour is the multi-tracer approach (e.g. Seljak 2009; Fon-
seca et al. 2015), which involves combining data from di↵erent20
surveys that trace the same underlying matter density field. By
cross-correlating di↵erent populations of objects (e.g. galaxies
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observed at di↵erent wavelengths), one can mitigate the e↵ects
of cosmic variance, break the degeneracy between astrophysical
bias and fundamental cosmological parameters, and gain tighter 25
control over survey-specific systematic errors. This is particu-
larly crucial for studies of ultra-large-scale e↵ects such as the
scale dependent bias e↵ect or the integrated Sachs-Wolfe ef-
fect, whose measurements su↵er from cosmic variance limita-
tions and are prone to large-scale systematics (e.g. Bahr-Kalus 30
et al. 2022; Rezaie et al. 2024).

A promising pairing to cross-correlate are radio and
optical/near-infrared galaxy surveys (e.g. Cunnington et al.
2023; Zheng et al. 2025). This work focuses on the synergy
between two landmark surveys: ESA’s Euclid mission and the 35
Evolutionary Map of the Universe (EMU). The Euclid mission
(Laureijs et al. 2011; Euclid Collaboration: Mellier et al. 2025)
is designed to map the geometry of the dark Universe by mea-
suring the shapes and redshifts of billions of galaxies out to a
redshift of z ⇡ 2.5 and beyond, over a third of the sky. Its pri- 40
mary goals are to constrain the nature of dark energy and test
General Relativity (Einstein 1915) by using weak gravitational
lensing and galaxy clustering. In addition to its wide survey, Eu-
clid repeatedly observes several Deep Fields to provide a deeper,
multi-faceted view of the cosmos. 45

Complementing Euclid’s optical and near-infrared view, the
EMU survey (Norris et al. 2011; Hopkins et al. 2025) is creating
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Fig. 3. Measured harmonic-space cross-power spectra between Euclid and EMU. The black markers represent the measured cross-power spectra
for the two EMU baseline maps (filled PyBDSFand empty Selavy) combined with the two Euclid maps. Coloured lines show the theory predictions
for the cross spectrum using the fiducial redshift distributions and bias models discussed in Sect. 3. Note that the grey shadowed areas represent
the multipoles excluded from our analysis. Left: results for pgal0.90, Right: results for pstar0.05.

To proceed, we construct a chi-squared statistic for our data
set(s). For a general parameter set #, we write

�2(#) =
⇥
d � m(#)

⇤† ⌃�1 ⇥d � m(#)
⇤
, (14)

where d is the data vector, i.e. the mask-deconvolved pseudo-
C` band-powers, and m is the theoretical model. For our single,
one-parameter amplitude model, # = {Ab} and m = Ab t, with t555
the fiducial theory vector from Eq. (6), averaged over the same
band-powers as the data. Here, we denote matrix transposition
by †. The minimisation of such a chi-squared has a known an-
alytical solution, and the best-fit value (marked by an asterisk)
and standard deviation on the parameter Ab read560

A⇤b =
t† ⌃�1 d
t† ⌃�1 t

, (15)

�A⇤b =
1p

t† ⌃�1 t
. (16)

The best-fit values of Ab and corresponding 1-� error bars
for all the combinations of data sets and modelling choices are
shown in Fig. 4. Following the same colour-code as Fig. 3, dif-
ferent colours mark the various modelling of the EMU signal,
with purple for the redshift distribution and bias from Saraf et al.565
(2025), green and orange for SKADS from Wilman et al. (2008)
combined with redshift-dependent or constant bias, as in Tani-
dis et al. (2025), respectively. Regarding the data, the two pan-
els distinguish between EMU maps constructed using either the
Selavy or the PyBDSF source finders, whereas filled and empty570
markers di↵erentiate the pgal0.90 from pstar0.05 Euclid cat-
alogues. Finally, to validate the robustness of our results against
our choice of scale cuts, we show with di↵erent markers the re-
sults of the fit when shrinking/enlarging the multipole range. In
particular, our baseline choice of 8 band-powers in the multipole575
interval ` 2 [2, 801] is represented by diamond markers, whereas
the result of removing or adding one additional band-power with
the same step �` = 100 is shown with circle or square markers,
respectively.

It is immediately apparent that the fits show an excellent de-580
gree of internal consistency. On the EMU side, our analysis is

PyBDSF

Model 1
Model 2
Model 3
`max = 701
`max = 801
`max = 901
pgal0.90

pstar0.05

0.6 0.8 1.0 1.2 1.4 1.6
Best-fit overall amplitude, A⇤b

Selavy

Fig. 4. Best-fit overall amplitude, A⇤b, for the one-parameter fit, as in
Eqs. (15) and (16), for all combinations of theoretical models (1 to 3)
and data sets (pgal0.90/pstar0.05 for Euclid as filled/empty markers
and PyBDSF/ Selavy for EMU in the upper/lower panel). Same colour
and line-style code as Fig. 3, with markers shapes for di↵erent values of
`max.

in full agreement with Tanidis et al. (2025), who found no def-
inite preference between a constant bias 2.32 and a constant-
amplitude bias 1.81/D(z) when using the n(z) from the SKADS
simulations (Wilman et al. 2008, see light-blue curves in Fig. 2), 585
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Plan for 2026

• Keep on working on Q1 data, especially in synergy with surveys at other wavelengths (radio, microwave, …) 

• Stress-testing and first analysis of RR2 data set 

• Work on DR1 KPs 

• Coordination of DR1-KP-JC-2 ‘Euclid cosmological constraints from combined photometric probes’ 

• Merging of relativistic and wide-angle power spectrum estimator in CLOE 

• Exhaustive assessment of the ‘scattering matrix’ approach to DR1 photo-z clustering power spectra


