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Intensity and polarization Galaxy position, distances, shapes

Cosmological probes: CMB, large-scale structures
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• Constituents and composition of the 
Universe from early times.

• Perturbations growth across-time and spatial 
distribution.

• More information on dark energy/neutrinos.

Desi 
Collaboration

Planck 
collaboration 
(2018)

Cosmic Microwave Background (CMB) Galaxy surveys

• Imprint of structures 
at different times
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Is CMB “the” CMB?

• CMB is a snapshot of the universe at z ~1100.... plus lots of other things!

• Imprint of astrophysical objects / late time physics (CIB, ISW, SZ).

• Gravitational lensing.
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10 G. E. Addison et al.

Figure 4. Comparison of power spectra of primary and secondary CMB temperature anisotropies and foregrounds at 150 GHz. The
data points are the latest SPT (Reichardt et al. 2011; R12) and ACT (Das et al. 2011) measurements; we simply overplot the various
power spectrum components here rather than performing a fit to these data. The CIB clustering power was reproduced from the
model of Xia et al. (2011; X12), as described in Section 3.1. The tSZ power spectrum was obtained from the model described in
Efstathiou & Migliaccio (2012; EM12), fixed to have ℓ(ℓ+ 1)CtSZ

ℓ /2π|ℓ=3000 = 4 µK2 (see Section 3.2), and the tSZ×CIB power, which
is negative at 150 GHz, was calculated by combining the X12 and EM12 models, as described in Sections 2 and 3. We show the kSZ
power calculated in Sehgal et al. (2010). Radio and CIB point source shot noise levels were taken from R12 and X12 respectively (the
ACT data points have been corrected to account for the difference in radio source shot noise levels due to more sources being masked
by SPT). The primary lensed CMB power was calculated assuming a standard ΛCDM cosmology consistent with WMAP constraints
(Komatsu et al. 2011).

bulk electron motion in galaxy clusters and the intergalactic medium but assumes instantaneous reionization; including the
effect of patchy reionization would increase this signal. Since the tSZ×CIB power is negative for the principal CMB channels

of ACT, SPT and Planck, we would expect uncertainty in the tSZ×CIB power to degrade constraints on the upper limit of

the kSZ.

In principle, the tSZ×CIB and kSZ components could be separated on the basis of their frequency dependence, however,

we find that the frequency dependence is actually very similar across much of the frequency range probed by ACT and SPT.

Figure 5 shows the frequency dependence of the tSZ, clustered CIB, tSZ×CIB and kSZ power. The tSZ and clustered CIB
power are – individually – easily distinguishable from a blackbody, however the tSZ×CIB closely resembles a blackbody

(horizontal line) for ν < 200 GHz. This will further worsen kSZ constraints, and indeed R12 find that the kSZ upper limit

is increased by more than a factor of two when the tSZ×CIB correlation is allowed, despite using data from all three SPT
channels.

To assist in the analysis of small-scale CMB data, we have made the tSZ×CIB curve from Figure 4 available to download1.

1 http://www.physics.ox.ac.uk/users/AddisonG/

Addison et al. 2012

• ICM 
(g)astrophysics, 
cosmology (SZ)

• Star formation, 
cosmology (CIB)

• Extragalactic 
astronomy, 
Galaxy evolution
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• Unbiased tracers of the whole integrated matter distribution along the line of sight. 
 
 
 

• Sensitive to total matter distribution  at z~0.6-5 on mildly non-linear scales.σ8Ω0.25
m

The CMB lensing potential
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parameters estimation if left unmodelled [27].
In this paper we evaluate how N

(3/2) propagates to the cross-correlation of CMB lensing
with other density tracers such as galaxy lensing and galaxy counts, and assess the relevance
for future CMB experiments and galaxy surveys. Since the non-Gaussianity of the matter
distribution increases to lower redshift, the bias in correlation with low-redshift tracers could
become important. Furthermore, for the CMB auto-spectrum there is a near cancellation
between the biases from the bispectrum from large-scale structure and post-Born lensing.
However, low redshift tracers have a smaller post-Born signal due to the reduced path length,
so there is much less cancellation, potentially making the N

(3/2) bias relatively much more
important in cross-correlation [26].

We show that the N
(3/2) cross-correlation bias can be modelled quite well theoretically,

and hence should be relatively straightforward to include in future analyses. However detailed
numerical results are somewhat sensitive to the details of the fully-nonlinear LSS bispectrum
shape, which can only be modelled rather approximately analytically, and residual accuracy
is hard to assess. We therefore also use numerical simulations for comparison, where the
non-linear effects can be measured from the simulation non-perturbatively.

In Sec. 2 we review the relevant theoretical background. In Sec. 3 we review the details
of the modelling implemented in the simulations and the assessment of their level of realism in
both the CMB lensing potential and LSS tracers. In Sec. 4 we show the results of our numerical
experiments and their impact for future surveys, including the estimation of cosmological and
systematics parameters. Conclusions are drawn in Sec. 5.

2 Theory

2.1 Gravitational lensing

In the weak lensing formalism the effect of deflections of light rays coming from a source plane
is described by the lens equation. This maps the source position � of a ray originating at
comoving radial distance � to the observed angular position ✓. Assuming General Relativity
and using natural units AL: I changed some of this around a bit, check I understood your
notation right

�i(✓,�) = ✓i � 2

Z �

0

DA(�� �
0)

DA(�)DA(�0)
 ,�i

�
�(✓,�0),�0

�
d�0

, (2.1)

where  (�,�) is the Weyl gravitational potential located on the photon path,  (�,�),�i the
angular derivatives1, and DA(�) is the comoving angular diameter distance.

In the Born approximation, the photon path is approximated by the unperturbed photon
geodesic x(�) ⇡ ✓�, such that the line integral of the Newtonian potential  simplifies and
the geodesic equation becomes

�(✓,�⇤) = ✓ +r�(✓), (2.2)

where r�(✓) is the deflection field and � the lensing potential

�(✓) = �2

Z �s

0

DA(�s � �
0)

DA(�s)DA(�0)
 
�
✓,�0

�
d�0

. (2.3)

1The derivatives in the small angle limit should be computed using a coordinate system orthogonal to the
current light ray’s direction of travel. Numerical tests have shown that using angular derivatives causes a
negligible error (see e.g. [28] and references therein).

– 3 –

Notation 
Warning!d = ∇ϕ

κ ∝ − ∇2ϕ → δ

• Redshift origin of signal: mean at z~2, peak at z~1, broad sensitivity to z~0.5-6+

• Scale origin of signal: near-linear. Mild sensitivity to non-linear scales beyond k~0.2h/Mpc

Redshift and scale origin of CMB lensing

18Mathew Madhavacheril, University of Pennsylvania 

L Planck Collab. and/or Blake Sherwin

Namikawa+(2014)

PTEP 2014, 06B108 T. Namikawa

Fig. 1. The angular power spectrum of the gradient mode generated by matter density fluctuations with the lin-
ear matter power spectrum (black dotted), and with the fitting formula of the non-linear matter power spectrum
given in Refs. [44] (green dashed) or [45] (red solid).

◦ vector perturbations:
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◦ tensor perturbations:
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√
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jℓ(λ′)

λ′ . (32)

2.2.3. Angular power spectrum of gradient and curl modes. Figure 1 shows the angular power
spectrum of the gradient mode generated by the matter density fluctuations. Three lines show the
cases with different fitting formulas of the matter power spectrum, i.e., the halofit model [44] and
its revised formula [45], in calculating the angular power spectrum. For comparison, we also show
the case with the linear power spectrum. Note that the lensing power spectrum is computed with
CAMB [46]. The linear approximation to the matter power spectrum would be accurate at the scales
where the signal becomes large (ℓ ∼ 10–100). The non-linear growth of matter density perturbations
enhances the amplitude by 20–30% at ℓ ∼ 2000 compared to linear theory. The sensitivity of Cφφ

ℓ to
the models of the non-linear evolution would be not so significant even at these scales, because the
lensing power spectrum computed with the halofit model of Ref. [44] is only a few percent smaller
than the revised formula.
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• Overlaps with all the matter in the universe (integrated probes)

• Synergies with any other probe of matter (e.g. LSS surveys).

• Reduces systematics

CMB probes and cross-correlation

5

Madavacheril+2024

⟨κCMB,obsκgal,obs⟩ = ⟨κCMBκgal⟩ + ⟨sCMBsgal⟩ + ⟨κCMBsgal⟩ + ⟨κgalsCMB⟩

Courtesy of D. Paoletti
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Cross-correlation basis and examples
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deflections so that the ��⌦ or �⌦⌦ bispectra are non-null2. However, the effects of this
higher-order correlation is negligible for the analysis presented in the following. We finally
note that post-Born corrections depend strongly on the length of the photon path and are
thus progressively less important for source planes located at lower redshift.

2.2 CMB lensing cross-correlation

The lensing potential can be related to the lensing convergence  in the weak lensing regime
through the Poisson equation  = �r

2
�/2, so that in the harmonic domain

LM =
L(L+ 1)

2
�LM . (2.5)

Gravitational lensing directly probes the Weyl gravitational potential, but in General Rela-
tivity (and after matter domination) the potential can be related directly to the comoving
density perturbation � via the Poisson equation. Observed angular galaxy densities as a func-
tion of redshift depend on a variety of effects (including redshift distortions, magnification
bias, velocity and potential effects), but can also be approximated at some level as biased
tracers of the comoving density perturbation. It is therefore convenient to rewrite the lensing
observables in terms of convergence field so that the cross-correlation between CMB lensing
and LSS tracers in a given redshift bin can be written in the Limber approximation as

C
AB
L ⇡

Z
d�

�2
WA(�)WB(�)P�

✓
k =

L+ 1/2

�
, z(�)

◆
, A,B 2 {g,CMB,z} (2.6)

where P� is the comoving density matter power spectrum, g is the galaxy density, CMB the
CMB lensing convergence and z the lensing convergence of galaxies located at redshift z.
The window function W determines the redshift distribution so that for galaxy density

Wg(�) = bg(z)
1

n

dn

dz

dz

d�
n =

Z
dz

dn

dz
. (2.7)

where bg is the galaxy bias and dn/dz the redshift distribution of the observed galaxies. For
lensing of a source at a comoving distance �s

W(�) ⌘ W(�,�s) = �(�)�2

✓
1

�
�

1

�s

◆
⇥(�s � �), (2.8)

where ⇥ is the step function and the potential  and density are related by k
2 ⇡ ��(z)�,

where � is approximately independent of k. In the case of the CMB, �s is the comoving
distance to the last scattering surface, which can be well approximated as a single source
plane. In the case of the lensing convergence of galaxies located at �z, the lensing efficiency
has to be integrated over the source distribution used to estimate the convergence field

Wz(�) =
1

n

Z
d�

dn

dz

dz

d�
W(�,�z). (2.9)

2
Following the consistency relations of Eq. (2.5), (3.4), we will refer to these higher order correlations as

! or !! to conform to the most common convention adopted in the literature.
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DG with 2MPZ and Planck lensing 11
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Figure 8. DG forecasts for the LSST photometric galaxy survey cross-correlated with Planck (light red crosses), Simons
Observatory (purple triangles), and CMB-S4 lensing maps (black circles). Points are o↵set by �z = ±0.01 for visualization
purposes. The current 2MPZ measurement is shown as a dark blue star, while the yellow square points represent the DES
measurement from Giannantonio et al. (2016). The solid blue line represents the linear growth factor in the standard ⇤CDM
scenario, while the grey lines show D(z) for di↵erent dark energy/modified gravity models. Note that in this case we have not
applied the �8⌦mH

2
0 rescaling as in Fig 4.

to recover the largest scales from ground observations,
up to a redshift dependent cuto↵ multipole given by
`max(z) = kNL(z)�(z), in order to avoid the inclusion of
non-linear scales. This cuto↵ scale goes from `max ⇡ 30
at low redshift, up to more than 3000 for higher red-
shift. We show the forecasted DG, along with the cur-
rent measurements, in Fig. 8. To give a rough estimate
of how the sensitivity to DG varies across the experimen-
tal landscape, we calculate the total S/N integrated over
angular scales and redshift bins zi as

S/N =

vuut
X

zi

✓
DG(zi)

�DG(zi)

◆2

. (11)

We can also predict at what significance level a certain
datasets combination can di↵erentiate between standard
⇤CDM and a given alternative model. To this end, we

calculate

�
2 =

X

zi

 
D

DE/MG

G (zi) � DG(zi)

�DG(zi)

!2

, (12)

where DG and D
DE/MG

G are the growth factor calculated
for ⇤CDM and a certain dark energy/modified gravity
model respectively. Then, we can quote

p
�2 as the

significance of the discrimination between two scenarios
(Pullen et al. 2015). As can be seen in Tab. 1, LSST
high galaxy number density will allow for high S/N

measurements of DG, making possible the discrimina-
tion between di↵erent exotic models at high significance.
Specifically, the lower lensing reconstruction noise that
characterizes the forthcoming CMB surveys will improve
the overall S/N by a factor 3.4 and 5 with respect to
Planck for SO and CMB-S4, respectively.

deflections so that the ��⌦ or �⌦⌦ bispectra are non-null2. However, the effects of this
higher-order correlation is negligible for the analysis presented in the following. We finally
note that post-Born corrections depend strongly on the length of the photon path and are
thus progressively less important for source planes located at lower redshift.

2.2 CMB lensing cross-correlation

The lensing potential can be related to the lensing convergence  in the weak lensing regime
through the Poisson equation  = �r
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Gravitational lensing directly probes the Weyl gravitational potential, but in General Rela-
tivity (and after matter domination) the potential can be related directly to the comoving
density perturbation � via the Poisson equation. Observed angular galaxy densities as a func-
tion of redshift depend on a variety of effects (including redshift distortions, magnification
bias, velocity and potential effects), but can also be approximated at some level as biased
tracers of the comoving density perturbation. It is therefore convenient to rewrite the lensing
observables in terms of convergence field so that the cross-correlation between CMB lensing
and LSS tracers in a given redshift bin can be written in the Limber approximation as
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where P� is the comoving density matter power spectrum, g is the galaxy density, CMB the
CMB lensing convergence and z the lensing convergence of galaxies located at redshift z.
The window function W determines the redshift distribution so that for galaxy density
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where bg is the galaxy bias and dn/dz the redshift distribution of the observed galaxies. For
lensing of a source at a comoving distance �s

W(�) ⌘ W(�,�s) = �(�)�2
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where ⇥ is the step function and the potential  and density are related by k
2 ⇡ ��(z)�,

where � is approximately independent of k. In the case of the CMB, �s is the comoving
distance to the last scattering surface, which can be well approximated as a single source
plane. In the case of the lensing convergence of galaxies located at �z, the lensing efficiency
has to be integrated over the source distribution used to estimate the convergence field
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Following the consistency relations of Eq. (2.5), (3.4), we will refer to these higher order correlations as

! or !! to conform to the most common convention adopted in the literature.
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DG ≈ (Cκg
ℓ )2/Cgg

ℓ ≈ ̂θ ∈ {Cκg
ℓ , Cgg

ℓ }

Bianchini & 
Reichardt 

(2018)
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FIG. 5. Left panel: 68% confidence constraints on the shear biases mi for LSST, when self-calibrating them with LSST
cosmic shear alone (blue), LSST full (i.e. clustering, galaxy-galaxy lensing and cosmic shear; green), combination 1 (orange),
combination 2 (yellow) and the full LSST & CMB S4 lensing (red). The self-calibration works down to the level of LSST
requirements (dashed lines) for the highest redshift bins, where shear calibration is otherwise most di�cult. We stress that all
the solid lines correspond to self-calibration from the data alone, without relying on image simulations. Calibration from image
simulations is expected to meet the LSST requirements, and CMB lensing will thus provide a valuable consistency check for
building confidence in the results from LSST.
Right panel: Impact of unaccounted intrinsic alignments (see Sec. IID). The lines show the bias in the self-calibrated value
of mi, and the colored bands show the 68% confidence constraints, corresponding to the curves in the left panel. Intrinsic
alignments produce a bias in the shear calibration, but not beyond the 68% confidence region.

of sensitivity in temperature (assumed
p

2 times smaller than in polarization; left panel), beam FWHM (central panel)
and maximum multipole included in the analysis `max T,P (parameterizing the e↵ectiveness of component separation;
right panel). When one parameter is varied, the others remain fixed to their fiducial values from Fig. 1. Note that in
all cases, the survey area is kept fixed at 18, 000 deg2 (fsky = 44%). The bottom row of Fig. 7 shows the corresponding
constraints on shear biases mi for each configuration.

The shear calibration improves slowly with sensitivity, by a factor of ⇠ 2 when the noise varies from 10 to 0.5µK
0.

This is understandable since the CMB lensing signal falls o↵ quickly at high `, and therefore a significant reduction
in reconstruction noise is needed to image higher ` lensing modes. For the same reason, we expect iterative lensing
reconstruction methods [61, 62] to only improve shear calibration by a few tens of percent.

For our choice of fiducial `-limits (`max = 3000 for T; `max = 5000 for E,B), set by foreground cleaning, varying the
beam FWHM between 0.50 and 30 has basically no impact on the shear calibration: a higher resolution experiment
can image higher `-modes, but we are discarding these small scales to avoid foreground contamination.

More realistically, a higher resolution experiment might perform better at component separation and allow to use
higher temperature and polarization multipoles. However, for our fiducial parameters, we find that varying `max T, P

between 2, 000 and 10, 000 only changes the shear calibration by about 25%.
This is encouraging and shows that upcoming third generation experiments such as Advanced ACT (AdvACT, 1.40

resolution, ⇠ 10µK
0 sensitivity on half of the sky) [98] and SPT-3G (10 resolution, 2.5µK

0 sensitivity on 2, 500 deg2)
[99] can already calibrate the shear from LSST. This calibration will be less precise than from CMB S4, but already
at a useful level. The amount of overlap of AdvACT and SPT-3G with LSST may evolve in the future, and will a↵ect
the shear calibration.

B. Sensitivity to photometric redshift uncertainties

In Sec. III B, we showed that CMB S4 lensing can calibrate the shear from LSST, assuming that the photometric
redshift uncertainties are under control. In this subsection, we ask how crucial this assumption is. We therefore vary
the priors on source and lens photo-z uncertainties and re-run our forecast. The left panel of Fig. 8 shows that the
shear calibration is mildly dependent on the source photo-z uncertainties. The dependence is higher at low redshift,

deflections so that the ��⌦ or �⌦⌦ bispectra are non-null2. However, the effects of this
higher-order correlation is negligible for the analysis presented in the following. We finally
note that post-Born corrections depend strongly on the length of the photon path and are
thus progressively less important for source planes located at lower redshift.

2.2 CMB lensing cross-correlation

The lensing potential can be related to the lensing convergence  in the weak lensing regime
through the Poisson equation  = �r
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�/2, so that in the harmonic domain
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L(L+ 1)

2
�LM . (2.5)

Gravitational lensing directly probes the Weyl gravitational potential, but in General Rela-
tivity (and after matter domination) the potential can be related directly to the comoving
density perturbation � via the Poisson equation. Observed angular galaxy densities as a func-
tion of redshift depend on a variety of effects (including redshift distortions, magnification
bias, velocity and potential effects), but can also be approximated at some level as biased
tracers of the comoving density perturbation. It is therefore convenient to rewrite the lensing
observables in terms of convergence field so that the cross-correlation between CMB lensing
and LSS tracers in a given redshift bin can be written in the Limber approximation as

C
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where P� is the comoving density matter power spectrum, g is the galaxy density, CMB the
CMB lensing convergence and z the lensing convergence of galaxies located at redshift z.
The window function W determines the redshift distribution so that for galaxy density

Wg(�) = bg(z)
1
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n =
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. (2.7)

where bg is the galaxy bias and dn/dz the redshift distribution of the observed galaxies. For
lensing of a source at a comoving distance �s

W(�) ⌘ W(�,�s) = �(�)�2
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◆
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where ⇥ is the step function and the potential  and density are related by k
2 ⇡ ��(z)�,

where � is approximately independent of k. In the case of the CMB, �s is the comoving
distance to the last scattering surface, which can be well approximated as a single source
plane. In the case of the lensing convergence of galaxies located at �z, the lensing efficiency
has to be integrated over the source distribution used to estimate the convergence field
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W(�,�z). (2.9)

2
Following the consistency relations of Eq. (2.5), (3.4), we will refer to these higher order correlations as

! or !! to conform to the most common convention adopted in the literature.
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Schaan et al. (2017), Vallinotto (2012)

Galaxy lensing
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Cosmological probes and cross-correlations
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• Different probes test different scales and redshift (and different systematics).

• Tackling DE: to assess if growth tension is real or effect of non-linear physics. S8 tension II 9

Figure 7. The Planck TTTEEE, both with and without Planck
lensing (Efstathiou & Gratton 2021) and the ACT+BAO con-
strains (Madhavacheril et al. 2023) 1� constraints on S8 are shown
in grey. Below these, in black, blue and green, are the results for
the KiDS data analysed with no scale cuts, no scale cuts with
Amod (from AAGE) and no scale cuts with both a Planck prior
and Amod variants 12 and 13 from Table 2 respectively. The next
three results show in order the results of variants 4, 3 and adding a
Planck prior to the DES analysis of variant 3, respectively (black).
Finally, the results of variants 5 and 6 are shown in red and yellow
respectively. This illustrates the sensitivity of the S8 tension on
scale cuts and the modelling of non-linear scales.

fiducial Amod for the fits that include the Planck prior. The
constraints from the binned model track the general shape
and amplitude of the one-parameter Amod model. The main
new result from this analysis is that power suppression of
⇠ 3�10% spanning mildly non-linear scales (bin 2, spanning
wavenumbers in the range 0.1 < k < 0.5) is required to
reconcile the Planck⇤CDM data with the DES weak lensing
data. It is not possible to avoid suppression in bin 2 by
increasing the suppression at smaller scales, mainly because
⇠� is dominated by bin 2 over the angular range ✓ ⇠ 400 �
1000 (see the green curves in Fig. 5).

Fig. 6 also shows the power spectrum suppression mea-
sured in the BAHAMAS and C-OWLS simulations (as in
Fig. 2). Evidently, if baryonic feedback is responsible for the
apparent S8 tension, the analysis of this section shows that
the feedback must propagate to scales k

<⇠ 0.3. This requires
stronger feedback than in the BAHAMAS simulation with
log10(�TAGN/K) = 7.8 favoured by (McCarthy et al. 2017),
in agreement with the conclusions of Sec. 3.

6 DISCUSSION AND CONCLUSION

The aim of this investigation has been to assess whether the
S8 tension can be resolved, that is Planck ⇤CDM cosmology
can be made consistent with weak lensing observations by
modifying the matter power spectrum on non-linear scales.
Following Paper I, we have investigated constraints on the
power suppression parameter, Amod of Eq. 1, using DES Y3
cosmic shear data. In this analysis we include a Planck prior
describing their constraints on key cosmological parameters
and the associated uncertainties.

The DES data require substantial suppression of the
matter power spectrum on non-linear scales to become con-
sistent with Planck. The suppression required is less ex-
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Figure 8. A rough guide to the approximate scale-dependence in
terms of wavenumber, k, and redshift-dependence, z, of cosmolog-
ical observations. CMB lensing measurements are consistent with
Planck ⇤CDM (both blue, filled) and have negligible sensitivity
on non-linear modelling and span the range z ⇠ 0.5 � 5. Weak
galaxy lensing is sensitive to a wide range of scales at z < 1,
but primarily probes the non-linear regime (red, filled). With fu-
ture lensing data, is it possible to separate the linear informa-
tion from weak-lensing. Both redshift space distortions and cross-
correlations of CMB lensing with galaxy positions typically limit
their analyses to linear scales and are sensitive to lower redshifts
than CMB lensing. These two probes therefore provide a powerful
test of the non-linear solution to the S8 tension proposed here.
Lyman-alpha measurements are also sensitive to a wide range of
scales, but at higher redshifts.

treme than found from the KiDS weak lensing measure-
ments, though the results from these two surveys are statisti-
cally consistent. However, if such a suppression is interpreted
in terms of baryonic feedback, then it must be stronger than
the most extreme feedback prescription implemented in the
BAHAMAS simulations.

The constraints on Amod depend on the angular scale
cuts applied to the ⇠± measurements. If the DES ‘⇤CDM-
Optimised’ angular scale cuts are imposed on ⇠±, the cos-
mological constraints from DES data are degraded and are
statistically compatible with the Planck cosmology. For this
case, Amod is consistent with unity, though with a large er-
ror.

We have analysed the DES Y3 data using an extended
Amod model that includes either a redshift or wavenumber
dependence. The DES data have little sensitivity to redshifts
outside of a relatively narrow range centred at z ⇠ 0.3. The
one parameter Amod model, therefore, provides an adequate
approximation at this redshift but cannot be extrapolated
reliably to higher or lower redshifts.

To investigate the wavenumber dependence, we solved
for amplitude suppression factors Ai in five logarithmi-
cally spaced bins. The results show that consistency be-
tween DES and Planck ⇤CDM requires suppression on scales
k

<⇠ 0.3 h/Mpc. This result is in agreement with our results
for Amod and shows that the requirement of the data for
power suppression on these scales is not an artefact of the
simple Amod parameterisation.

Fig. 7 summarizes both the updated results of Paper I

MNRAS 000, 000–000 (0000)

Preston, Amon, 
Efsthathiou (2023)
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CMB cross-correlations for cosmology

8

• Current data: 

• Marginalizing over systematics at 
limited cost.

• Limited additional power.

• Situation bound to change very soon: 

• New CMB data on sky!

• New galaxy surveys on sky!

~2013

Stage 2/3 surveys 
(DES, ACT, SPT, PB)

~2032

CMB-S4 
deployment

2024

Simons Observatory 
first light

2030s

LiteBIRD 
launch

7/2023

Euclid launch

Josquin Errard 
 on the behalf of the Simons Observatory collaboration  

53rd Rencontres de Moriond 
La Thuile, Italy, 22 March 2018

1

~2025

Rubin/Roman/
SphereX

12

FIG. 5. Constraints on mi , AIA and ⌘IA, that we marginalize over
(source redshift bias parameters are also marginalized over but not
shown here). The constraints that we obtain are weaker but in agree-
ment with that from the cosmic shear measurements [11].
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FIG. 6. Constraints on ⌦m and S8 from �tCMB, cosmic shear mea-
surement from [11], 3 ⇥ 2pt measurement from [12] and CMBCMB
measurement from [10].

The cross-correlation is detected at 10.8� significance in-
cluding all angular bins; this is reduced to 6.0� after removing
scales that we find to be a�ected by systematics such as tSZ
contamination of CMB and the e�ects of baryons on the matter
power spectrum as described in [23].

We perform several consistency checks on the measure-
ments as well as tests for possible systematic errors. These
include performing null tests by cross-correlating CMB with
stellar density, dust extinction, PSF residuals and the cross-
shear component, and testing our model for tSZ and CIB con-
tamination of the CMB map. We find that of these possible
systematics, the tSZ e�ect dominates, and we mitigate this
bias by applying scale cuts to remove the angular scales that
are a�ected the most.

The analytical covariance matrix that we use is tested by
comparing with the jackknife covariance matrix estimated di-
rectly from the data. The diagonal elements of these covariance
matrices agree to within 25%, which is a reasonable agreement
given that the jackknife method produces a noisy estimate of
the underlying covariance.

Using the measured w�tCMB (✓) correlation functions, we
perform parametric fits. Assuming a ⇤CDM Planck best-fit
cosmology and fixing nuisance parameters to fiducial values
set by DES-Y1, we obtain a global best-fit amplitude of A =
0.99 ± 0.17 which is consistent with expectations from the
⇤CDM cosmological model (A = 1).

Next, we combine our measurement with the Planck base-
line likelihood, and vary the nuisance parameters and attempt
to constrain them. For the shear calibration bias parameters
we obtain the constraints m2,3,4 =[ �0.08+0.47

�0.31, �0.06+0.20
�0.28,

�0.14+0.14
�0.28], while m1 is not constrained well. These con-

straints are less stringent than the DES-Y1 priors derived from
data and simulations, it is anticipated that the �tCMB corre-
lation will be able to constrain shear calibration bias to better
precision than these methods [68] for future surveys such as
CMB-S4 [69] and LSST [70].

For the amplitude of IA, we obtain the constraint AIA =
0.54+0.92

�1.18, which is in agreement with what is obtained from
DES-Y1 cosmic shear measurements. However, the red-
shift evolution parameter ⌘IA is not constrained well using
w�tCMB (✓) measurement alone.

When we marginalize over the nuisance parameters using
the DES-Y1 priors listed in Table I, we obtain constraints on
cosmological parameters that are consistent with recent re-
sults from [37]: ⌦m = 0.261+0.070

�0.051 and S8 ⌘ �8
p
⌦m/0.3 =

0.660+0.085
�0.100. While the constraining power of �tCMB is rela-

tively weak, we obtain independent constraints on ⌦m and S8,
which will help break degeneracies in parameter space when
all the probes are combined.

Future data from the full DES survey and SPT-3G [71]
should provide significant reduction in measurement uncer-
tainties on the w�tCMB (✓) correlation function. Moreover, tSZ
contamination of the temperature-based CMB lensing map
necessitates removal of certain angular scales, which reduces
the signal-to-noise of the measurements significantly. For
SPT-3G, the CMB lensing map will be reconstructed using
polarisation data, which will have minimal tSZ contamina-

Omori et al. 2019

(DES collaboration)

SO: see 
Thibaut’s talk!
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What to expect from next generation surveys

9

Euclid Early Release Observation image

~2032

CMB-S4 
deployment

2030s

LiteBIRD 
launch

Rubin 1st wide imageEuclid Q1 release

DESI Legacy Imaging Survey

Romanowsky+(2025)
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In the meantime… Gaia!

10

• Gaia: photometry, astrometry, slitless 
spectroscopy with 

• DR3 released 6.6 million quasar candidates.

• Stable conditions, cleaner selection.

• Complete but low purity: many stars 
masquerading as QSO :/

30 ≤ λ/Δλ ≤ 100

Gaia Collaboration: Gaia Data Release 3: The extragalactic content

Fig. 5. Galactic sky distribution of all the sources in the qso_candidates table (left) and galaxy_candidates table (right). The plot is shown
at HEALpixel level 7 (0.210 sq. deg.) in Hammer–Aito↵ projection. The colour scale, which is logarithmic, covers the full range for each panel,
so is di↵erent for each panel.

Fig. 6. G-band magnitude distribution of all objects in the
qso_candidates (blue) and galaxy_candidates (orange) table on
a logarithmic scale. The brightest known quasar (3C273 – source_id
3700386905605055360) has a G magnitude of 12.8.

sources, as these are less likely to get a high probability classifi-
cation in both Specmod and Allosmod.

One thing to bear in mind is that Specmod and Allosmod
do not deal with identical sets of sources, because these clas-
sifiers require di↵erent input data. In particular, Allosmod re-
quires parallaxes and proper motions, that is 5p or 6p astromet-
ric solutions (see Lindegren et al. 2021a for the definition of
these solutions). Galaxies often only get 2p solutions (no par-
allax or proper motion) on account of their physical extent. Of
the 3 566 085 million sources in the galaxy_candidates table
with classlabel_dsc = galaxy, 3 367 211 have all three pho-
tometric bands, but of these, only 1 015 462 have parallaxes and
proper motions and so can be classified by Allosmod (these num-
bers are for the whole sky, so including the LMC and SMC). As
classlabel_dsc_joint can only be set to galaxy when Al-
losmod results are present, the change in the distribution we see
in Fig. 9 for the two class labels is partially due to this. Plots
in Delchambre et al. (2022) show the change when only consid-
ering the subset with 5p or 6p solutions. Most quasars, in con-
trast, do have 5p or 6p solutions: Of the 5 243 012 sources in the
qso_candidates with classlabel_dsc = quasar, 5 086 531
have all three photometric bands, of which 4 815 212 have paral-
laxes and proper motions.

Because DSC is not the only contributor to the integrated
tables, some of the sources in these tables have DSC class la-
bels that are not the class of the table. In the qso_candidates
table, 156 970 sources have classlabel_dsc set to galaxy,
and 12 302 have classlabel_dsc_joint set to galaxy. In the

Fig. 7. Colour–colour diagram (top) and colour–magnitude diagram
(bottom) for all sources in the qso_candidates table (blue) and
galaxy_candidates table (orange). The contours show density on a
linear scale. The points are a random selection of 10 000 sources for
each class.

galaxy_candidates table, the numbers with these two class-
labels set to quasar are 12 933 and 234 respectively.

Article number, page 9 of 33

QSO / 
arcmin2Bailer-Jones+2022

DESI spectra (DESI coll.)

Gaia 
spectra
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Quaia: the cosmological QSO sample of Gaia

11

• Better purity and low systematics thanks to synergies with external data.

• unWISE + SDSS DR18 + color and proper motion cuts

Storey-Fisher+ (w/ GF, 2024)
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How it compares?

12

Credits Kate Storey-Fisher

NB: after DESI, still largest QSO sample (slightly)  and ~2.5x spanning volume

Quaia: the Gaia–unWISE Quasar Catalog 19

Table 1. A comparison between Quaia and other existing quasar catalogs, detailed in the text. We show the quantities

for the full catalogs (for sources with reliable redshifts) as well as the catalogs limited to G < 20.5 or the rough

equivalent converted from another band. For all quantities and catalogs shown, we exclude areas with high dust extinction

(AV > 0.5 mag); this excludes ⇠5% of sources for Quaia and Gaia DR3 ‘Purer’, ⇠18% of the full WISE-PS1

sample, and a negligible number of sources for SDSS DR16Q and the eBOSS clustering catalog. We note that

the SDSS DR16Q catalog is a superset of quasars from many SDSS campaigns and is not intended to be

uniform, which should be considered in particular for the sky fraction and spanning volume quantities. We show

the number of sources N , the fraction of sky area covered fsky, the mean number density per square degree n̄, the spanning

volume between 0.8 < z < 2.2 Vspan, the e↵ective volume Ve↵ , the median redshift zmed, and the fraction of objects with

|�z| ⌘ |�z/(1 + z)| < 0.01 and < 0.1 (where applicable).

N fsky n̄,

deg�2

Vspan,

(h�1 Gpc)3
Ve↵,

(h�1 Gpc)3
zmed f(|�z| < 0.01) f(|�z| < 0.1)

Quaia 1,234,715 0.73 40.78 143.78 7.08 1.48 0.63 0.84

Gaia Purer 1,647,311 0.73 54.42 143.76 9.24 1.63 0.53 0.62

WISE-PS1 2,386,121 0.56 103.89 109.08 20.88 1.38 0.11 0.71

SDSS DR16Q 637,371 0.26 60.18 50.30 4.16 1.77 ⇠1 ⇠1

eBOSS Clustering 409,286 0.14 72.52 26.80 3.21 1.60 ⇠1 ⇠1
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• High redshift, linear or quasi-linear scales.

• Large scales (in angles and k)
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What Quaia can do for cosmology?

13

Storey-Fisher+
(w/ GF, 2023)
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• Large sky coverage means capability to measure large angular scales.

• Towards non-degenerate  measurementsσ8, Ωm
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What Quaia can do for cosmology?

14
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Cosmology from Quaia x Planck CMB lensing
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• ,  with Planck PR4 CMB lensing in 2 redshift bins. 

• Results competitive with current LSS surveys with fewer objects and/or worse redshifts.

Cgg
ℓ Cκg

ℓ

No tension with Planck!
Alonso, Fabbian, Storey-Fisher+(2023)
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Cosmology from Quaia x CMB lensing

16

• Tomographic ,  with Planck lensing

• New high-z  constraints 

• Model independent approach

• Careful foreground assessments 
(CIB…) 

• Tomographic 3x2pt ,  with 
ACT CMB lensing

• Constraints on 

Cgg
ℓ Cκg

ℓ

σ8

Cgg
ℓ Cκg

ℓ , Cκκ
ℓ

σ8(z = 5.1)

New!

Piccirilli, GF, Alonso+ (2024)  
x 

Planck CMB lensing


21

Figure 12. Reconstruction of �8(z) from the 3⇥2pt analysis. The fiducial �8(z) curve is rescaled in each redshift bin byp
Ai, where Ai are the amplitude parameters introduced in Equation (12). Shaded regions denote 1� confidence intervals. This

reconstruction probes the redshift evolution of the amplitude of the growth of structure out to z > 3. Constraints from a
similar 3⇥2pt analysis (Farren et al. 2025) are shown as blue bands, while the measurements from Miyatake et al. (2022) and
de Belsunce et al. (2025) are shown with red and black data points, respectively. We also show the prediction from ⇤CDM as
measured by Planck primary CMB (Planck Collaboration 2020) plotted as a gray band.

Lastly, we include the measurement from de Belsunce
et al. (2025), which cross-correlates DESI DR1 quasars
with Planck PR4 CMB lensing. The DESI quasars have
a similar redshift coverage and number density to those
in Quaia. However, their analysis uses smaller scales,
with roughly kmax = 0.21hMpc�1, and is modeled with
hybrid perturbation theory. Their constraints are con-
sistent with ours within 1�; we show their results for
the first and last redshift bins, omitting the middle bin
(as done in their paper) due to its limited constraining
power on its own.

8. CONCLUSION

We have presented new constraints on structure
growth from the cross-correlation of quasars in the
Quaia catalog and state-of-the-art CMB lensing maps
from ACT DR6 and Planck PR4. We also performed a
3⇥2pt analysis by incorporating the ACT DR6 CMB
lensing auto-spectrum into the cross-correlation mea-
surement, allowing us to place one of the highest redshift
constraints on structure growth to date.

Using the cross-correlation information alone of the
Quaia quasars and combined ACT and Planck lensing,
we obtain a 7% constraint on our best-constrained pa-
rameter S⇥

8 = �8(⌦m/0.3)0.4 = 0.836+0.053
�0.070, and a 6.4%

constraint on �8 = 0.802+0.045
�0.057 when BAO information

from BOSS and 6dF is included (see Section 7.1.2).
We revisit the previous measurement (Alonso et al.

2023), which cross-correlated the Quaia quasars with
Planck PR4 lensing only. We restrict our analysis to
more conservative scale cuts and add a Gaussian prior
on the shot-noise amplitude. These decisions (discussed
in Appendix A) are motivated by observed instabili-
ties in the inferred cosmological parameters when using
the baseline analysis choices from the previous measure-
ment. These changes come at the cost of a SNR re-
duction, and, therefore, the resulting cosmological con-
straints are less competitive than we initially hoped.
Nonetheless, this work represents an improvement on
the robustness of the measurement.
To validate the robustness of our measurements with

ACT lensing, we perform a suite of systematic and null

Embil-Villagra+ (w/ GF, 2025)  
x 

ACT DR6 CMB lensing
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Non-Gaussianities and scale dependent bias

17

• Huge volume and high bias tracers is required to enhance detection.

• Quasars: detectable at high z thanks to bright AGNs,  ~linear scales, ideal for  studies. 

• Galactic extinction, stellar contamination, seeing, survey depth inhomogeneity cause large 
scale variations / power excess in clustering measurements…

fNL

Δb1 ∝
fNLb1bϕ

k2T(k)

Dalal+2008

Φ(x)NG = Φ(x) + fNL (Φ2(x) − ⟨Φ2⟩)



Name TalkName TalkGiulio Fabbian Colloque National WG Dark Energy 2025

Signature of fNL for projected statistics

18

Fabbian, Alonso, Storey-Fisher+(2025)
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Problems

Constraints on fNL

19

• Cross-correlation can reach the largest scales with no systematics contamination!

• : worse than expectations due to residual systematics σ( fNL) ΔCκg
ℓ ∝ Cκκ

ℓ Cgg
ℓ

!"

Scale cuts from ground-based surveys 
(Krolewski+2023)

Aggressive systematics subtraction: 
~3x degradation of results 

(Rezeie+2025)
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Robustness tests and perspectives

20

• Sensitivity comparable to spectroscopic galaxy surveys in 3D  

• Limited by systematics on auto correlation on large scales but highly robust to systematics.

• With newer Gaia DR  (more sources, different source separation, new data…) 
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1st keq measurement from cross-correlation

21

• Detection of 
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H0 ⇠ 63± 16km/s/Mpc

keq consistent with 
Planck within 0.5𝜎

Sound-horizon independent

Alonso, Hetmansev, Fabbian+ (2025)

See Bahr-Kalus+(2025) 
for 3D DESI QSO+LRGs
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Cross-correlation with cosmic birefringence

22

• Presence of axion like coupling  can generate cosmic birefringence

•  can be reconstructed with quadratic estimators and correlated with matter tracers.α(n̂)
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Towards Euclid DR3

23

‣ SO has the largest overlap with Euclid (65% 
overlap) 

‣ SPT3G-WIDE is the second best (45%) 

‣ ACT: similar SO overlap but with lower sensitivity

expected in Oct 2031 

covering 15 k deg2

Naidoo et al, 2023 (Euclid collab paper)

Overlap with other LSS survey: 

‣ with with DESI over ~9000 deg   
‣ with both BOSS and DESI over 

~6000 deg

2

2

Courtesy M. Lembo



Name TalkName TalkGiulio Fabbian Colloque National WG Dark Energy 2025

Forecast for 6x2pt analysis

24

• Pessimistic Euclid survey in ~5 tomographic redshift bins and WL, zmax=1 and SO-like 
baseline sensitivity(conservative)

•  4-10x improvements in dark energy / modified gravity parameters!

WL

WL

GCp

GCp

ϕ

ϕ

 Euclid 3 x 2 pt 

 CMBX 3 x 2 pt 

Euclid collab. (Blanchard+19) 

Euclid collab. w/ CMBX SWG (Ilic+21)
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Towards DR1: the Q1 data release

25

• Preliminary release with 1st quarter of data (Q1) ~60 deg2 with “pre-launch" pipeline.

• Ideal for cross-correlation!

• Q1 analysis: Planck for the north,  ACT for the EDFF and EDFS patches

• DR1 analysis: Planck for the north, both ACT and SPT in the south patch

Euclid Q1 
(~63 deg )2 Euclid DR1 (~2500 deg )2

ACT DR6

SPT-3G
EDFF

EDFS

EDFN expected 
internally  

VERY SOON

Quick Data 
Release March 

2025

Fabbian, Legrand, Pagano, Lembo, Piccirilli, Kou, 
Hartley, Tessore+(in prep.)
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Towards DR1: the Q1 data release

26

• Magnitude cut in VIS<24.5

• Properties consistent across 
fields

• Agreement with Flagship 
simulation predictions 
“uncalibrated”!!!!! 

EDFS EDFF EDFN

∼ 24 gal/arcmin2
∼ 23.5 gal/arcmin2

∼ 22.5 gal/arcmin2

∼ 0.07%fsky ∼ 0.06%fsky∼ 0.03%fsky

Preliminary

Fabbian+(in prep.)
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Towards DR1: the Q1 data release

26

• Magnitude cut in VIS<24.5

• Properties consistent across 
fields

• Agreement with Flagship 
simulation predictions 
“uncalibrated”!!!!! 

∼ 0.07%fsky ∼ 0.06%fsky∼ 0.03%fsky

A&A proofs: manuscript no. output
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Fig. 3: Normalized redshift distribution for Euclid Deep fields in di↵erent configurations: 1 bin (left panel), 3 bin (central panel)
and 6 bin (right panel). The redshift distribution of Euclid sources (for redshift MODE 1) as measured on data are shown in
dashed (pgal > 0.00) and dotted (pstar < 0.05) while the measurements carried out on FS2 simulation are shown with solid lines. For
reference, we show the overlap with the CMB lensing kernel obtained with ⇤CDM cosmology and Aghanim et al. (2020) best-fit
parameters as grey band in each panel.

where the mask (i.e., selection function) is averaged over the355
sky, ⌦p is the solid angle of each HEALPix pixel, and N̄ is the
mean number of galaxies per pixel.

As such, an estimate of the true underlying power spectrum
Ĉ` can be written as

Ĉ
XY

` =
X

`0

(M
XY

``0 )
�1
h
C̃

XY

`0 � N
XY

`0

i
. (6)

We refer the reader to (Hivon et al. 2002) for more details360
of the method. We note that for complicated masks with compli-
cated geometry induced by, e.g. masking of systematics features
in the survey images or compact sources in the case of the CMB

data, or with limited survey area, the inversion of the M``0 ma-
trix might become ill condition and lead to biases. While meth- 365
ods to overcome these di�culties have been developed within
Euclid (Euclid Collaboration: Tessore et al. 2025), because the
Q1 survey geometry is simple and with minimal holes, we em-
ployed large binning in multipole as a quick mitigation of these
e↵ect, and solved Eq. (6) in bins of �` = 100 as done with previ- 370
ous analysis on deep data with reduced sky coverage (Namikawa
et al. 2019; Aguilar Faúndez et al. 2019). We nonetheless veri-
fied that the mask inversion did not lead to any biased recovery
of the power spectrum as we discuss in Appendix A.

Article number, page 6 of 23

Preliminary

Fabbian+(in prep.)

Preliminary 

 (ignore black line)

EDFS EDFFEDFN
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Towards DR1: the Q1 data release

27

• Two different sample selection based on purity of galaxy classification or star classification 
rejection respectively.

• The two cuts deliver samples with: ∼11 gal/arcmin,  ∼ 21 gal/arcmin, with different redshift 
limits (zmax~1.2, zmax~2.5)

• Systematics deprojection needed due to lack of deep external data and no full visibility 
processing (minimal effects)

EDFS,		pgal > 0.90 EDFS,	pstar < 0.05

Preliminary



Name TalkName TalkGiulio Fabbian Colloque National WG Dark Energy 2025

Preliminary results:  single bin

28

• WARNING: theory lines are not fits!

• Planck 2018 + estimated N(z) + fiducial Flagship calibrated galaxy bias model.

• TLDR: great  (w/ RSD, magnification bias matching expectations)

• Cross-correlation extremely stable and robust to any systematics deprojection!

χ̃2

w vs /wo systematics deproj Different sample selections

Fabbian+(in prep.)

Preliminary
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Some preliminary findings

29

• CMB lensing cross-correlation is ready for 
fine bin tomography.

• Well modeled across different fields 
and fine redshift binning 

• Auto-correlation: it depends….

• We are seeing inhomogeneous redshift 
quality (as expected)

• Limited tomographic capabilities.

• Star galaxy separation… 

• We can recover constraining power with 
cross-correlation.

CMBX SWG et al.: Euclid: Clustering of Q1 galaxies and their cross-correlation with CMB lensing

pgal>0.90 pstar<0.05

Field z bins PTE S/N PTE S/N

South

1 0.281 4.5 0.159 4.9
3 0.937 5.4 0.726 6.3
6 0.815 7.4 0.406 8.2

Fornax

1 0.639 2.4 0.303 2.7
3 0.973 3.6 0.949 3.6
6 0.835 6.0 0.710 5.9

North

1 0.103 2.7 0.166 3.5
3 0.197 4.7 0.322 5.3
6 0.666 5.6 0.625 6.8

Table 4: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering only the cross correla-
tion between CMB lensing and galaxy clustering, g. We use
ACT CMB lensing for both South and Fornax and Planck CMB
lensing for the North. The `max in each redshift bin is given by
fixing kmax = 0.5 h/Mpc. [GP: bin1 case is also shown in Table2.
I would probably show this Table before and add the bin1 case
to table 3.]

pgal>0.90 pstar<0.05

Field Spectra z bins PTE S/N PTE S/N

South

gg 1 0.028 13 0.321 13
g + gg 0.1 13 0.228 13
gg 3 0.702 23 0.008 24
g + gg 0.947 24 0.011 24
gg 6 0.092 27 0.0 33
g + gg 0.130 28 0.0 33

Fornax

gg 1 0.423 8.1 0.177 7.6
g + gg 0.619 8.3 0.135 8.0
gg 3 0.641 15 0.336 15
g + gg 0.936 15 0.676 15
gg 6 0.0 17 0.0 21
g + gg 0.0 17 0.0 21

North

gg 1 0.098 12 0.275 12
g + gg 0.036 11 0.237 11
gg 3 0.002 20 0.0 22
g + gg 0.1 20 0.0 21
gg 6 0.0 23 0.0 30
g + gg 0.0 25 0.0 28

Table 5: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering gg alone and g+gg. We
use ACT CMB lensing for both South and Fornax and Planck
CMB lensing for the North. The `max in each redshift bin is given
by fixing kmax = 0.5 h/Mpc.

We consider di↵erent scenarios, summarized in Table 7, to
investigate the validity of our fiducial model and potential sys-
tematics. In particular, we investigate the galaxy bias parameters
and the dN

dz
redshift distributions, before opening up over cosmo-

logical parameter, such as ⌦m.850

pgal>0.90 pstar<0.05

Field Spectra z bins PTE S/N PTE S/N

South

g 0.281 4.5 0.159 4.9
gg 1 0.028 13 0.321 13
g + gg 0.1 13 0.228 13
g 0.937 5.4 0.726 6.3
gg 3 0.702 23 0.008 24
g + gg 0.947 24 0.011 24
g 0.815 7.4 0.406 8.2
gg 6 0.092 27 0.0 33
g + gg 0.130 28 0.0 33

Fornax

g 0.639 2.4 0.303 2.7
gg 1 0.423 8.1 0.177 7.6
g + gg 0.619 8.3 0.135 8.0
g 0.973 3.6 0.949 3.6
gg 3 0.641 15 0.336 15
g + gg 0.936 15 0.676 15
g 0.835 6.0 0.71 5.9
gg 6 0.0 17 0.0 21
g + gg 0.0 17 0.0 21

North

g 0.103 2.7 0.166 3.5
gg 1 0.098 12 0.275 12
g + gg 0.036 11 0.237 11
g 0.197 4.7 0.322 5.3
gg 3 0.002 20 0.0 22
g + gg 0.1 20 0.0 21
g 0.666 5.6 0.625 6.8
gg 6 0.0 23 0.0 30
g + gg 0.0 25 0.0 28

Table 6: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering all three cases: 1) g
alone, gg alone and g+gg. We use ACT CMB lensing for both
South and Fornax and Planck CMB lensing for the North. The
`max in each redshift bin is given by fixing kmax = 0.5 h/Mpc.

Scenario C1 C2 C3 C4

Scale cuts

kmax [h/Mpc] k
NL 0.5 or 0.7 0.5 0.5

Sampled parameters

bg [0.1, 3.0] [0.1, 3.0] fix (1.0) N(1.0, 0.1)
b

nl
g fix (1.0) [-10, 10] fix (1.0) N(1.0, 0.1)

w
i

z
fix (1.0) fix (1.0) N(1.0, 0.2) fix (1.0)

�i

z
fix (0) fix (0) N(0, 0.2) fix (0)

⌦m fix (0.3111) fix (0.3111) fix (0.3111) [0.01, 0.95]

Table 7: Varied parameters for the di↵erent scenarios considered
in our analysis. [LL: I think in the C4 scenario the priors are too
strict, as we see already that the biases are not on the fiducial, eg
in Fig. 8].

When including the galaxy bias parameters, we sample them
as an overall amplitude, constant with redshift, multiplying
the fiducial values of b

fid
1 (z) and b

fid
2 (z) parameters defined in

Sect. 3.6. Namely, we defined the linear parameter bg such that

Article number, page 13 of 23



Name TalkName TalkGiulio Fabbian Colloque National WG Dark Energy 2025

Some preliminary findings

29

• CMB lensing cross-correlation is ready for 
fine bin tomography.

• Well modeled across different fields 
and fine redshift binning 

• Auto-correlation: it depends….

• We are seeing inhomogeneous redshift 
quality (as expected)

• Limited tomographic capabilities.

• Star galaxy separation… 

• We can recover constraining power with 
cross-correlation.

CMBX SWG et al.: Euclid: Clustering of Q1 galaxies and their cross-correlation with CMB lensing

pgal>0.90 pstar<0.05

Field z bins PTE S/N PTE S/N

South

1 0.281 4.5 0.159 4.9
3 0.937 5.4 0.726 6.3
6 0.815 7.4 0.406 8.2

Fornax

1 0.639 2.4 0.303 2.7
3 0.973 3.6 0.949 3.6
6 0.835 6.0 0.710 5.9

North

1 0.103 2.7 0.166 3.5
3 0.197 4.7 0.322 5.3
6 0.666 5.6 0.625 6.8

Table 4: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering only the cross correla-
tion between CMB lensing and galaxy clustering, g. We use
ACT CMB lensing for both South and Fornax and Planck CMB
lensing for the North. The `max in each redshift bin is given by
fixing kmax = 0.5 h/Mpc. [GP: bin1 case is also shown in Table2.
I would probably show this Table before and add the bin1 case
to table 3.]

pgal>0.90 pstar<0.05

Field Spectra z bins PTE S/N PTE S/N

South

gg 1 0.028 13 0.321 13
g + gg 0.1 13 0.228 13
gg 3 0.702 23 0.008 24
g + gg 0.947 24 0.011 24
gg 6 0.092 27 0.0 33
g + gg 0.130 28 0.0 33

Fornax

gg 1 0.423 8.1 0.177 7.6
g + gg 0.619 8.3 0.135 8.0
gg 3 0.641 15 0.336 15
g + gg 0.936 15 0.676 15
gg 6 0.0 17 0.0 21
g + gg 0.0 17 0.0 21

North

gg 1 0.098 12 0.275 12
g + gg 0.036 11 0.237 11
gg 3 0.002 20 0.0 22
g + gg 0.1 20 0.0 21
gg 6 0.0 23 0.0 30
g + gg 0.0 25 0.0 28

Table 5: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering gg alone and g+gg. We
use ACT CMB lensing for both South and Fornax and Planck
CMB lensing for the North. The `max in each redshift bin is given
by fixing kmax = 0.5 h/Mpc.

We consider di↵erent scenarios, summarized in Table 7, to
investigate the validity of our fiducial model and potential sys-
tematics. In particular, we investigate the galaxy bias parameters
and the dN

dz
redshift distributions, before opening up over cosmo-

logical parameter, such as ⌦m.850
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gg 3 0.702 23 0.008 24
g + gg 0.947 24 0.011 24
g 0.815 7.4 0.406 8.2
gg 6 0.092 27 0.0 33
g + gg 0.130 28 0.0 33

Fornax

g 0.639 2.4 0.303 2.7
gg 1 0.423 8.1 0.177 7.6
g + gg 0.619 8.3 0.135 8.0
g 0.973 3.6 0.949 3.6
gg 3 0.641 15 0.336 15
g + gg 0.936 15 0.676 15
g 0.835 6.0 0.71 5.9
gg 6 0.0 17 0.0 21
g + gg 0.0 17 0.0 21

North

g 0.103 2.7 0.166 3.5
gg 1 0.098 12 0.275 12
g + gg 0.036 11 0.237 11
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g + gg 0.1 20 0.0 21
g 0.666 5.6 0.625 6.8
gg 6 0.0 23 0.0 30
g + gg 0.0 25 0.0 28

Table 6: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering all three cases: 1) g
alone, gg alone and g+gg. We use ACT CMB lensing for both
South and Fornax and Planck CMB lensing for the North. The
`max in each redshift bin is given by fixing kmax = 0.5 h/Mpc.

Scenario C1 C2 C3 C4

Scale cuts

kmax [h/Mpc] k
NL 0.5 or 0.7 0.5 0.5

Sampled parameters

bg [0.1, 3.0] [0.1, 3.0] fix (1.0) N(1.0, 0.1)
b

nl
g fix (1.0) [-10, 10] fix (1.0) N(1.0, 0.1)

w
i

z
fix (1.0) fix (1.0) N(1.0, 0.2) fix (1.0)

�i

z
fix (0) fix (0) N(0, 0.2) fix (0)

⌦m fix (0.3111) fix (0.3111) fix (0.3111) [0.01, 0.95]

Table 7: Varied parameters for the di↵erent scenarios considered
in our analysis. [LL: I think in the C4 scenario the priors are too
strict, as we see already that the biases are not on the fiducial, eg
in Fig. 8].

When including the galaxy bias parameters, we sample them
as an overall amplitude, constant with redshift, multiplying
the fiducial values of b

fid
1 (z) and b

fid
2 (z) parameters defined in

Sect. 3.6. Namely, we defined the linear parameter bg such that
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Some preliminary findings
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• CMB lensing cross-correlation is ready for 
fine bin tomography.

• Well modeled across different fields 
and fine redshift binning 

• Auto-correlation: it depends….

• We are seeing inhomogeneous redshift 
quality (as expected)

• Limited tomographic capabilities.

• Star galaxy separation… 

• We can recover constraining power with 
cross-correlation.

CMBX SWG et al.: Euclid: Clustering of Q1 galaxies and their cross-correlation with CMB lensing

pgal>0.90 pstar<0.05

Field z bins PTE S/N PTE S/N

South

1 0.281 4.5 0.159 4.9
3 0.937 5.4 0.726 6.3
6 0.815 7.4 0.406 8.2

Fornax

1 0.639 2.4 0.303 2.7
3 0.973 3.6 0.949 3.6
6 0.835 6.0 0.710 5.9

North

1 0.103 2.7 0.166 3.5
3 0.197 4.7 0.322 5.3
6 0.666 5.6 0.625 6.8

Table 4: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering only the cross correla-
tion between CMB lensing and galaxy clustering, g. We use
ACT CMB lensing for both South and Fornax and Planck CMB
lensing for the North. The `max in each redshift bin is given by
fixing kmax = 0.5 h/Mpc. [GP: bin1 case is also shown in Table2.
I would probably show this Table before and add the bin1 case
to table 3.]

pgal>0.90 pstar<0.05

Field Spectra z bins PTE S/N PTE S/N

South

gg 1 0.028 13 0.321 13
g + gg 0.1 13 0.228 13
gg 3 0.702 23 0.008 24
g + gg 0.947 24 0.011 24
gg 6 0.092 27 0.0 33
g + gg 0.130 28 0.0 33

Fornax

gg 1 0.423 8.1 0.177 7.6
g + gg 0.619 8.3 0.135 8.0
gg 3 0.641 15 0.336 15
g + gg 0.936 15 0.676 15
gg 6 0.0 17 0.0 21
g + gg 0.0 17 0.0 21

North

gg 1 0.098 12 0.275 12
g + gg 0.036 11 0.237 11
gg 3 0.002 20 0.0 22
g + gg 0.1 20 0.0 21
gg 6 0.0 23 0.0 30
g + gg 0.0 25 0.0 28

Table 5: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering gg alone and g+gg. We
use ACT CMB lensing for both South and Fornax and Planck
CMB lensing for the North. The `max in each redshift bin is given
by fixing kmax = 0.5 h/Mpc.

We consider di↵erent scenarios, summarized in Table 7, to
investigate the validity of our fiducial model and potential sys-
tematics. In particular, we investigate the galaxy bias parameters
and the dN

dz
redshift distributions, before opening up over cosmo-

logical parameter, such as ⌦m.850

pgal>0.90 pstar<0.05

Field Spectra z bins PTE S/N PTE S/N

South

g 0.281 4.5 0.159 4.9
gg 1 0.028 13 0.321 13
g + gg 0.1 13 0.228 13
g 0.937 5.4 0.726 6.3
gg 3 0.702 23 0.008 24
g + gg 0.947 24 0.011 24
g 0.815 7.4 0.406 8.2
gg 6 0.092 27 0.0 33
g + gg 0.130 28 0.0 33

Fornax

g 0.639 2.4 0.303 2.7
gg 1 0.423 8.1 0.177 7.6
g + gg 0.619 8.3 0.135 8.0
g 0.973 3.6 0.949 3.6
gg 3 0.641 15 0.336 15
g + gg 0.936 15 0.676 15
g 0.835 6.0 0.71 5.9
gg 6 0.0 17 0.0 21
g + gg 0.0 17 0.0 21

North

g 0.103 2.7 0.166 3.5
gg 1 0.098 12 0.275 12
g + gg 0.036 11 0.237 11
g 0.197 4.7 0.322 5.3
gg 3 0.002 20 0.0 22
g + gg 0.1 20 0.0 21
g 0.666 5.6 0.625 6.8
gg 6 0.0 23 0.0 30
g + gg 0.0 25 0.0 28

Table 6: Summary of PTE and signal-to-noise ratio for 1, 3 or
6 tomographic bins cases for the di↵erent Euclid Deep fields
(South, Fornax and North), considering all three cases: 1) g
alone, gg alone and g+gg. We use ACT CMB lensing for both
South and Fornax and Planck CMB lensing for the North. The
`max in each redshift bin is given by fixing kmax = 0.5 h/Mpc.

Scenario C1 C2 C3 C4

Scale cuts

kmax [h/Mpc] k
NL 0.5 or 0.7 0.5 0.5

Sampled parameters

bg [0.1, 3.0] [0.1, 3.0] fix (1.0) N(1.0, 0.1)
b

nl
g fix (1.0) [-10, 10] fix (1.0) N(1.0, 0.1)

w
i

z
fix (1.0) fix (1.0) N(1.0, 0.2) fix (1.0)

�i

z
fix (0) fix (0) N(0, 0.2) fix (0)

⌦m fix (0.3111) fix (0.3111) fix (0.3111) [0.01, 0.95]

Table 7: Varied parameters for the di↵erent scenarios considered
in our analysis. [LL: I think in the C4 scenario the priors are too
strict, as we see already that the biases are not on the fiducial, eg
in Fig. 8].

When including the galaxy bias parameters, we sample them
as an overall amplitude, constant with redshift, multiplying
the fiducial values of b

fid
1 (z) and b

fid
2 (z) parameters defined in

Sect. 3.6. Namely, we defined the linear parameter bg such that
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• Exciting prospects from new CMB X space-based galaxy surveys data…

• Quaia: a powerful public legacy QSO data set

• Quaia x CMB lensing : robust and competitive results  

• More to come (matter dipole, CIB, tSZ/kSZ, DESI combination, new Gaia DR) 
 

• Euclid is working beautifully!

• Promising benchmark from Q1 data ….

• but not without challenges:  A TON OF SALT needed

• Results coming soon, stay tuned!

σ8, Ωm, S8, f loc
NL, H0, keq, mγ, gγϕ


