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Some general intro on CMB, LSS and  
cross-correlation cosmology.

The Euclid mission

(Preliminary) cosmological results  
with Q1 data release

Status and prospects for DR1 

Cosmology and astrophysics with Gaia QSOs

Summary of past work and prospects for DR4.

Conclusions

Outline (optimistic)
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Open questions in cosmology as of 2026

• What is dark matter? Do massive neutrinos contribute?

• What is the nature of dark energy?

• Which mechanism driving primordial inflation?
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ΩDE
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Cosmological probes: CMB

4

• CMB temperature information saturated by Planck, now moving to polarization (ACT, SPT…)

• Major improvements on   from new polarization measurements. ∑ mν
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Fig. 24.— Recent measurements of the CMB temperature anisotropy and polarization. The two models, the thin nearly overlapping
grey lines, are from Planck (dashed line) and from ACT plus WMAP (A20, solid line). The primordial BB signal with r = 0.1 is also
shown with the dot-dashed line. For Planck we show the 2018 results (Planck Collab. V et al. 2019). For SPT we show Henning et al.
(2018) for 150 GHz TT ` < 2000, TE and EE, and Sayre et al. (2019) for BB. For ` > 2000 we show the SPT spectrum from George
et al. (2015) which has been corrected for point source emission. It is visually indistinguishable from the more precise but uncorrected
spectrum in Reichardt et al. (2020). For Polarbear/Simons Array we show EE from Adachi et al. (2020) and BB from pipeline A in
POLARBEAR Collaboration et al. (2017). For BICEP2/Keck we use Ade et al. (2018). All error bars are one sigma and points with no
lower bound in TT and EE have been dropped at high `. There is much more to each data set than is plotted here, for example additional
frequencies. For ACT we also show preliminary EE results that were not used in the analysis: for ` = [103, 150.5, 200.5, 250.5, 300.5],
DEE

` = [1.14± 0.32, 1.40± 0.22, 0.70± 0.14, 2.02± 0.20, 9.74± 0.39] (µK)2.
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Fig. 24.— Recent measurements of the CMB temperature anisotropy and polarization. The two models, the thin nearly overlapping
grey lines, are from Planck (dashed line) and from ACT plus WMAP (A20, solid line). The primordial BB signal with r = 0.1 is also
shown with the dot-dashed line. For Planck we show the 2018 results (Planck Collab. V et al. 2019). For SPT we show Henning et al.
(2018) for 150 GHz TT ` < 2000, TE and EE, and Sayre et al. (2019) for BB. For ` > 2000 we show the SPT spectrum from George
et al. (2015) which has been corrected for point source emission. It is visually indistinguishable from the more precise but uncorrected
spectrum in Reichardt et al. (2020). For Polarbear/Simons Array we show EE from Adachi et al. (2020) and BB from pipeline A in
POLARBEAR Collaboration et al. (2017). For BICEP2/Keck we use Ade et al. (2018). All error bars are one sigma and points with no
lower bound in TT and EE have been dropped at high `. There is much more to each data set than is plotted here, for example additional
frequencies. For ACT we also show preliminary EE results that were not used in the analysis: for ` = [103, 150.5, 200.5, 250.5, 300.5],
DEE

` = [1.14± 0.32, 1.40± 0.22, 0.70± 0.14, 2.02± 0.20, 9.74± 0.39] (µK)2.

Josquin Errard 
 on the behalf of the Simons Observatory collaboration  

53rd Rencontres de Moriond 
La Thuile, Italy, 22 March 2018
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Ωb, Ωm, ΩΛ, Ωk, ns, As, αs

, inflation energy scaler, nT
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Beyond CMB observations

5

• Spectroscopic surveys 
(e.g. DESI) 

• Observing matter distributions as it grows: we need proxies

f [δm]

• Photometric surveys 
(e.g. Rubin)
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Cosmological probes: galaxy clustering

6

• To test LCDM model large-scale structures (LSS) offer invaluable tomographic help!

• More sensitive to parameters governing recent growth (dark energy, neutrinos)

• 3D  with shape and BAO, 2D  

• Challenges: galaxy bias

P(k, z) Cgg
ℓ

3.3 Cosmological Measurements of Neutrino Mass 53
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Figure 2–3: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01hMpc�1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.

20

Figure 14. The e�ect of massive neutrinos on the matter power spectrum and CMB lensing power

spectrum. Top Left: The e�ect of neutrino mass on the matter power spectrum. Top Right: The change to

the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter

power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom
Right: The relative change to the lensing potential power spectrum.

The lower limit on ⇧⌃h2 is a reflection of the lower limit on the sum of the masses,
#

m⌃ & 58meV, that

is determined from neutrino oscillation experiments [278]. This sets a clear observational target for future

observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question

we will be most interested in is whether a given probe is sensitive to the lower limit,
#

m⌃ = 58meV (or

⇧⌃h2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through

which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will

also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale

structure surveys such as DESI and LSST.

CMB-S4 Science Book

Philcox+2020

P(k, z) ≈ b2
g(z, k)Pmm(k, z)

DESI coll. (2025) 
Credits Marco Bonici

CMB-S4 coll. (2016)
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Cosmological probes: weak lensing

7

• Galaxy shape/ellipticity is correlated by the presence of dark matter through lensing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Galaxy intrinsic alignment: 

• PSF, noise and lensed galaxies' distribution: 

⟨ ̂γ ̂γ⟩ = ⟨γγ⟩ + ⟨ϵsϵs⟩ + ⟨γϵs⟩

̂γ = (1 + m)γ + n

Cγγ
ℓ ≈ Pmm(k, zi)

χ − χzi

χχzi

dN
dz

jℓ(kχ)

Doux+2022

Measuring the shear

Correlate shapes of 
millions of galaxies to 
measure the cosmological 
signal at 10-3 in ellipticity

Test combined growth 
and expansion history 

Telescope

Massey+

The statistics of shape correlations as a 
function of angular scale and redshift can 
be used to directly infer the statistics of 
the density fluctuations and consequently 
cosmology.

γ = e1 + ie2
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Cosmic 3x2pt

8

• Galaxy clustering:  local, growth rate 

• Weak lensing / cosmicshear: LOS integrated, sensitive to amplitude

• Shear + galaxy-shear: sensitive to  

Cgg
ℓ ∝ b2

gσ2
8

∂Cℓ /∂P(k), Cgγ
ℓ ∝ bgσ2

8
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Figure 1. Cosmological constraints on the cosmological parameters f8 (left) and (8 (right) with the matter density ⌦m in flat-⇤CDM. We adopt a Hybrid
pipeline to re-analyse cosmic shear observations from DES Y3 (green) and KiDS-1000 (yellow) and conduct a joint-survey analysis of DES Y3 + KiDS-1000
(pink). The cosmic shear constraints can be compared to a re-analysis of the Planck Collaboration (2020) CMB observations (blue) using a common set of
cosmological parameters and priors. The marginalised posterior contours show the 68% (inner) and 95% (outer) credible intervals.

two surveys we assessed their consistency. We find a DES-
KiDS Hellinger distance offset in (8 of 1.0f (Equation 6),
and a �tension parameter shift in (8 � ⌦m of 0.8f (Equa-
tion 8), thus meeting the < 2.3f threshold for consistent
data sets.

For the DES Y3+KiDS-1000 joint-survey analysis, the
mean marginal values of (8, ⌦m and f8 and are found with
68% credible intervals to be

(8 = 0.790+0.018
�0.014

⌦m = 0.280+0.037
�0.046

f8 = 0.825+0.067
�0.073 ,

(12)

constituting a 2.0% precision measurement of (8 34. These
constraints are summarised in Figure 2 and tabulated in
Table 4 including the maximum marginal and MAP+PJ-
HPD values for (8. In all cases the model is found to
provide a good fit to the data (see Table 3). For our fiducial
joint-survey analysis we find a goodness of fit probability
?(j2 > j2

min |a) = 0.068. We also measure the goodness of
fit of the DES and KiDS data vector for the best-fit set of
parameters from the joint analysis. The DES goodness of
fit is essentially unchanged by the joint analysis. The KiDS
goodness of fit degrades slightly, but nevertheless passes the
goodness of fit requirement with ?(j2 > j2

min |a) = 0.035.
Reviewing the different mean marginal, maximum

marginal and MAP (8 values in Table 4, it is worth not-
ing that the 0.6f offset between the MAP and mean is ex-

?KiDS (j2 > j2
min |a) = 0.66 in the Li et al. (2023b) Hybrid analysis of

an improved KiDS-1000 shear catalogue that also adopts enhanced shear
and redshift calibration techniques. We note that the Li et al. (2023b)
(8 constraints are unchanged from this analysis, with the MAP+PJHPD
(8 = 0.776+0.029+0.002

�0.027�0.003. The second set of errors here account for system-
atic uncertainties within the shear calibration.

34 It is interesting to note that the joint-survey constraints on (8 are the
same as those estimated through a naive approach of taking the weighted
average of the individual survey constraints in Equation 11. We do not
recommend this naive approach for future survey combinations, especially
in cases where the analysis choices differ. A weighted average of the
published constraints from Amon et al. (2022); Asgari et al. (2021); Secco,
Samuroff et al. (2022) is offset from our joint-survey constraints at the level
of 1.6f. We discuss how the different analysis choices for each survey
team impacts the (8 constraints in Section 3.6, as quantified through mock
survey studies in Appendices C.4 and E.2.

Analysis j2
min #⇥ j2

red ? (j2
min |aeff )

DES Y3 (Full area) 284.2 5.4 1.06 0.231
DES Y3 (KiDS-excised) 288.3 4.6 1.07 0.192
KiDS-1000 88.3 7.1 1.30 0.048

DES Y3+KiDS-1000:

Fiducial 378.0 9.6 1.12 0.068
⌃<a = 0.06eV 376.6 9.7 1.11 0.074
Shared IA 382.2 8.0 1.12 0.057
NLA (no z) 379.3 8.8 1.12 0.065
TATT 371.5 12.3 1.11 0.087
Dark Matter %X (: ) 375.5 10.2 1.11 0.076

Table 3. Goodness of fit statistics for the Hybrid pipeline: the best-fit
j2

min, the estimated effective number of free parameters, #⇥, the reduced
j2

red = j2
min/a, where a is the number of degrees of freedom, and the

goodness of fit probability ? (j2 > j2
min |a) (see Section 2.7). The number

of data points for the DES, KiDS and joint-survey data vectors, are #data =
273, 75, 348 respectively. The upper section reports results for the fiducial
analysis of the individual and joint surveys. The lower section varies
one aspect of the Hybrid joint-survey analysis: fixing the neutrino mass
to ⌃<a = 0.06eV, sharing the IA parameters between the two surveys,
assuming an NLA IA model without redshift evolution (no z), adopting the
TATT IA model, and using a dark matter-only correction for the non-linear
model of the matter power spectrum, %X (: ) .

pected from our analysis of E�����E��������2 mocks in
Appendix E.2. This offset reflects the significant skew in the
marginal (8 posterior, in addition to a potential projection
effect which would arise when marginalising over a neu-
trino mass prior that is asymmetrical about the truth (see
Appendix C.3). In the discussion that follows we quote the
mean marginal values for (8, referring the reader to Table 4
for the alternative MAP+PJ-HPD or maximum marginal
metrics of the posterior.

3.2. Fixing the neutrino mass density
In our fiducial analysis we allow the neutrino mass density

to vary. Following Planck Collaboration (2020) we inves-
tigate adopting a fixed neutrino mass with ⌃<a = 0.06eV,
based on the minimum mass allowed by oscillation exper-
iments when assuming a normal mass hierarchy (Capozzi
et al. 2016). We find our constraints to be fairly insensitive

KIDS & DES collaboration (2024)

S8 = σ8 Ωm /0.3

Matter RMS over 8 Mpc radius
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Is CMB “the” CMB?
• CMB is a snapshot of the universe at z ~1100.... plus lots of other things!

• Galactic foreground emissions (dust, synchrotron, free-free, AME)

• Imprint of astrophysical objects / late time physics

9

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 gastrophysics, 
cosmology  
(tSZ/kSZ)

• Star formation, 
cosmology (CIB)

• Extragalactic 
astronomy, Galaxy 
evolution
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State of the art of the CMB secondaries
• ISW “oldest" probe, becoming less competitive because of limited achievable precision 

(cosmic variance…)

•  CMB lensing hints in early 2000s, first detections 2010, now booming!

• tSZ picking up after first Planck data release, regaining momentum with kSZ

10

ISW

CMB lensing

(t/k)SZ effect(s)

Others

~1st direct 
detection

1st Planck 
release

1st ACT/
SPT results

Ignore 
units
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CMB and gravitational lensing

• CMB is the most distant light: photons cross potential wells of LSS as they form.

• The properties of lensing are encoded in the deflection field: can we estimate this? Yes!

11

Image by: Lucy Reading-Ikkanda/Simons Foundation

d

d

d

CMB Lensing Measurement

Lensing; inferred from 
stretching/shearing of the local 
CMB two-point functionshift to larger angular scales

CMB Temp. + Pol.

• Algorithm (quadratic estimator):
 [+similar in polarization]

• Approximate explanation:

7

d = ∇ϕ
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38 Qu, Sherwin, Madhavacheril, Han, Crowley et al.

Figure 26. Compilation of CMB lensing power spectrum measurements, with our results shown as red datapoints. The CMB
lensing power spectrum presented in this paper represents (along with Planck NPIPE, which reaches similar precision) the highest
signal-to-noise lensing spectrum measured to date.

for cosmological parameters ✓, and Cbb0 is the baseline
covariance matrix. We discussed the construction of the
covariance matrix in Section 5.11, while verification of
the Gaussianity of the lensing bandpowers can be found
in Appendix H. Further corrections to this likelihood are
applied when considering joint constraints with CMB
power spectra, as described in our companion paper,
Madhavacheril et al. (2023). These account for the de-
pendence of the normalization of the lensing bandpowers
on the true CMB power spectra and of the N1 correc-
tion on both the true CMB and lensing power spectra.
For the lensing-only constraints presented in this pa-
per, we account for uncertainty in the CMB power spec-
tra by sampling 1000 ⇤CDM CMB power spectra from
ACT DR4+Planck and propagating these through the
lensing normalization; the scatter in the normalization
leads to an additional broadening of the bandpower co-
variance matrix. For further details, see our earlier dis-
cussion in Section 5.10 and also Appendix B.

9.2. Constraints on the amplitude of structure from
lensing alone

We now consider constraints on the basic ⇤CDM pa-
rameters — cold dark matter and baryon densities, ⌦ch

2

and ⌦bh
2, the Hubble constant H0, the optical depth to

reionization ⌧ , and the amplitude and scalar spectral in-
dex of primordial fluctuations, As and ns — from our

Table 5. Priors used in the lensing-only cosmological analy-
sis of this work. Uniform priors are shown in square brackets
and Gaussian priors with mean µ and standard deviation �

are denotedN (µ,�). The priors adopted here are identical to
those used in the lensing power spectrum analysis performed
by the Planck team (Planck Collaboration et al. 2020a).

Parameter Prior

ln(1010As) [2, 4]

H0 [40, 100]

ns N (0.96, 0.02)

⌦bh
2 N (0.0223, 0.0005)

⌦ch
2 [0.005, 0.99]

⌧ 0.055

lensing measurements alone. These parameters are var-
ied with priors as summarised in Table 5; these are the
same priors assumed in the most recent Planck lens-
ing analyses (Planck Collaboration et al. 2020a; Carron
et al. 2022). Since lensing is not sensitive to the CMB
optical depth, we fix this at ⌧ = 0.055 (Planck Collab-
oration et al. 2016). We fix the total neutrino mass to
be consistent with the normal hierarchy, assuming one
massive eigenstate with a mass of 60meV.
Weak lensing observables in cosmology depend on

both the late-time amplitude of density fluctuations in
terms of �8 and the matter density ⌦m; there is an ad-

CMB lensing state of the art

12

Qu, Fe+2025

Planck (2018), Carron+(2022)

Planck DR4 |d | = |∇ϕ | ACT (~40% sky, )κ ∝ ∇2ϕ

ACT: Madhavacheril+(2024), Qu+(2024).  
Fe, Millea+(2024), Omori+ (2026) for SPT on 1500deg2

~40  
detection

σ
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• CMB lensing: integrated, 2D projected, unbiased, mostly linear matter probe at z~2.

• Applies also to SZ maps, CIB maps, temperature maps….

• Overlaps with anything connected to LSS (broad kernels): 

• synergies and complementarity with LSS probes.

CMB probes and cross-correlation

13

Madavacheril+2024
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Cross-correlation basis and examples

14

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.

– 5 –

DG with 2MPZ and Planck lensing 11
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LSST x Planck

LSST x SO
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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

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.

– 5 –

DG ≈ Cκg
ℓ / Cℓ

gg ≈ ̂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

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
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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)
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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

✓
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
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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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Schaan et al. (2017), Vallinotto (2012)

Galaxy lensing
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• Test redshift and scale dependence of any new physics in a robust way.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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       ma
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• Current data: 

• marginalizing systematics at limited cost.

• Already some additional constraining 
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)

2026

Roman 
launch

2024/2025

Simons Observatory 
first light

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

6/2025

Rubin  
first light

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)

3/2025

SPHEREX 
launch
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Euclid Early Release Observation image

Rubin 1st wide imageEuclid Q1 release

DESI Legacy Imaging Survey

Romanowsky+(2025)



EUCLID
LAUNCH

Euclid launched on 1st July 2023 from Florida aboard a Falcon 9 launcher. 
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The Euclid consortium
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• 14 European countries (Austria, Belgium, Denmark, Finland, France, Germany, Italy, the 
Netherlands, Norway, Portugal, Romania, Spain, Switzerland, UK) + USA, Canada, Japan.

• 2600 members, ~200 institutes covering cosmology, astrophysics, particle physics.
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The Euclid instrument
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• Covers 30 years of Hubble operation every ~5 days (FoV ~ 0.57 deg2), 0.2” PSF.

• 2 set of instrument working simultaneously:

• VIS: visible band, 25 AB mag. limit at SNR ~10 (objects detected down to 29!). 

• NISP: near IR,  24.5 AB mag. limit at SNR ~5.

• Slitless spectra with R~400 (DESI R~2000).

Euclid mission overview (Mellier+2024)
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Euclid concept and targets
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• Probe dark energy EOS 

• Test gravity 

• Probe dark mater and IC: , 2x better 

w(a) = w0 + wa(1 − a) σ(w0) = 0.02, σ(wa) = 0.1

f ≈ Ωγ
m σ(γ) = 0.02, σ( f ) ≈ 0.02 0.9 < z < 1.9

σ(σ8) = 0.01, σ (∑ mν) = 0.03eV ns, αs

Cr

Credits B. Granett

Euclid coll.  
(Mellier+2024, Blanchard+2020)
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• None of the probes alone satisfies the science goals!

• Combination is crucial to reach targets, even more so for beyond LCDM models.

• Higher-order statistics can shrink by 50% (Ajani+2023)

• Others to be added: voids ~20% better, RSD…

Euclid coll.  
(Mellier+2024, Blanchard+2020)
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WIDE survey
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• 15000 deg2 covered over 6 years of data acquisition. 4 visits with ~700s exposure.

• Optimized for low background (1/100 of Zodiacal + Galactic background).

• 1st full cosmology release expected ~ soon.

Scaramella+2020
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Forecast for 6x2pt analysis end of mission

24

• Assumes pessimistic Euclid survey in ~5 tomographic redshift bins, 

• SO-like CMB lensing: 4-10x improvements in dark energy / modified gravity constraints.

zmax = 1

WL

WL

GCp

GCp

ϕ

ϕ

 Euclid 3 x 2 pt 

 CMBX 3 x 2 pt 

Euclid collab. (Blanchard+19) 

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

25

• Initial release with 1st quarter of data (Q1) ~63 deg2 using “pre-launch" pipeline.

• Ideal for cross-correlation, end-to-end validation!

• CMB data: Planck for Northern sky,  
ACT and SPT in the Southern sky.

Fabbian, Legrand, Pagano, Lembo, 
Piccirilli, Kou, Benabed, D’Assignies, 

Gouyou Beauchamps,  Hartley, Tessore, 
Tutusaus + 

(to appear soon)

Euclid DR1 (~1800 deg2)Euclid Q1 (~63 deg2)
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Meet the Euclid CMBX core team
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Vilasini Tinnaneri 
Sreekanth

Léa DumillyEmma 
Ayçoberry

Margherita 
Lembo

Cail Daley

Davide Luchina 
(U. Milan)

Giulia Piccirilli  
(U. Rome Tor Vergata)

Raphaël Kou 
(IRAP Toulouse)

Luca Pagano 
(U. Ferrara)

Louis Legrand 
(IAS & CBPF)

Tanguy 
Dusserre

Matteo 
Peronaci

Laura 
Salvati

Nabila 
Aghanim

+
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Towards DR1: the Q1 data release
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• Magnitude limited sample with ~20/arcmin2,   after star/galaxy separation.z ≲ 2.5
M

ag
ni

tu
de

lim
ite

d
sa

m
pl

e

EDFS EDFF EDFN

p g
al
>

0.
90

p s
ta

r
<

0.
05

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

�g

ACT

C
M

B
le

ns
in

g
co

nv
er

ge
nc

e

ACT Planck

-0.2

-0.1

0.0

0.1

0.2

̂WF

∼ 24 gal/arcmin2 ∼ 23.5 gal/arcmin2 ∼ 22.5 gal/arcmin2

fsky ∼ 0.07 % fsky ∼ 0.03 %

Mag
nitu

del
imite

dsa
mpl

e

EDFS EDFF EDFN

p gal
>0.

90
p star
<0.

05

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

�g

ACT

CMB
lens

ing
con

verg
enc

e

ACT Planck

-0.2

-0.1

0.0

0.1

0.2

̂WF

fsky ∼ 0.06 %EUCLID PRELIMINARY

M
ag

ni
tu

de
lim

ite
d

sa
m

pl
e

EDFS EDFF EDFN

p g
al
>

0.
90

p s
ta

r
<

0.
05

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

�g

ACT

C
M

B
le

ns
in

g
co

nv
er

ge
nc

e

ACT Planck

-0.2

-0.1

0.0

0.1

0.2

̂WF



Name TalkName TalkGiulio Fabbian Saclay Astroparticule symposium

Towards DR1: the Q1 data release

28

• 1 bin: properties consistent across fields 

• In agreement with “uncalibrated” Flagship 2 
simulation (PTE>0.08)

• Tomography:  we adopt “model-
independent” data cuts based on jackknife 
consistency and Flagship 2 simulation.
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EDFS NIR Systematics 

23

Zodiac Light PSF Exposures Noise  Galactic Extinction

WISE stars Observational/instrumental systematics:  
DEPTHMAP, FLUXMAP, EXPOSURES, NOISE, ZODIACALLIGHT, PSF 
Main effect: Modulate galaxy detectability, inducing spurious fluctuations in number density and 
measurement quality. Bias in galaxy shape measurements and star–galaxy separation. 

Astrophysical contaminants:  

GALACTICEXTINCTION,  WISE_STARS 
Main effect: Introduce spatial patterns correlated with the Milky Way rather than with the large-scale 
structure.

Imaging systematics treatment

29

• Minor effects in the science band on well defined scales, no effect on cross-correlation

EDFS NIR Systematics 

23

Zodiac Light PSF Exposures Noise  Galactic Extinction

WISE stars Observational/instrumental systematics:  
DEPTHMAP, FLUXMAP, EXPOSURES, NOISE, ZODIACALLIGHT, PSF 
Main effect: Modulate galaxy detectability, inducing spurious fluctuations in number density and 
measurement quality. Bias in galaxy shape measurements and star–galaxy separation. 

Astrophysical contaminants:  

GALACTICEXTINCTION,  WISE_STARS 
Main effect: Introduce spatial patterns correlated with the Milky Way rather than with the large-scale 
structure.

+12 others

Fabbian, Alonso+ 
(2026)Linear  

deprojectionEDFS NIR Systematics 

23

Zodiac Light PSF Exposures Noise  Galactic Extinction

WISE stars Observational/instrumental systematics:  
DEPTHMAP, FLUXMAP, EXPOSURES, NOISE, ZODIACALLIGHT, PSF 
Main effect: Modulate galaxy detectability, inducing spurious fluctuations in number density and 
measurement quality. Bias in galaxy shape measurements and star–galaxy separation. 

Astrophysical contaminants:  

GALACTICEXTINCTION,  WISE_STARS 
Main effect: Introduce spatial patterns correlated with the Milky Way rather than with the large-scale 
structure.

W/ deprojection

EUCLID PRELIMINARYEUCLID PRELIMINARY

No deprojection
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Power spectra measurements

30

• WARNING: theory lines are not fits!

• Planck 2018 + estimated  + fiducial Flagship calibrated galaxy bias model.

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

• Tomography case more complicated at face value: need to account for redshift errors.
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Towards a full cosmological inference pt I

31

• Eulerian PT bias model at second order for  calibrated on Flagship 2 
 

• Consistency across EDFs for cosmological parameters and differences in 

kmax = 0.5 hMpc−1

Δ(i)
z

g = bg bfid
1 δm+bnl

g
bfid

2
2 δ2

m + bs
2 s2 + b3nl

2 ψnl + bk2
2 ∇2δm bs = − 4

7 (bg bfid
1 − 1)

Saito+2014;  
Gil-Marín+2015;  

Pandey+2020
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Towards a full cosmological inference pt II

32

• Can we describe a single set of redshift error parameters? 

•  improves goodness of fit: , , robust to leave-one-out tests.κg σ(Ωm) ∼ 0.036 σ(bg) ∼ 0.043

 breaks degeneracies  with bias 
and photo-z parameters 

~30% improvement 

κg
W/o cross-bins

W/ cross-bins

: equally 
good with or w/o 

cross bins

κg + gg
Better photo-z errors 
handling: 20% tighter 

constraints 

Better PTEs and better  
 descriptiongg

W/ cross-bins

EUCLID PRELIMINARY
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Comparison with state of the art

33

• Linear growth factor  

• Removes naturally redshift and bias modeling uncertainties. 

• Comparable to DES Y3 x ACT with ~10x less sky area.

DG(z) ∼ Cκg
ℓ / Cgg

ℓ ∼ bgD2(z)/ b2
g D2(z) = ADDfid(z)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
z
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0.4

0.6

0.8
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(z
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Q1, AD = 0.84 ± 0.16
DR1 South, AD = 1 ± 0.037
⇤CDM
ACT-DR4 ⇥ DES-Y3
pstar < 0.05 EDFS+EDFF+EDFN

Higher redshift
Marques+2024; 
Bianchini+2018 

Giannantonio+2016; 
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Comparison with state of the art II

34

• Adopting galaxy bias (conservative) priors from Flagship 2 for 2x2-pt : 

• Comparable of full unWISE/DESI x ACT+Planck using  ~10 000 deg2

•  , comparable with current  accounting for sky coverage. 

σ(σ8) ∼ 0.028

S8 = 0.79+0.07
−0.09 σ (S8) ∼ 0.02

Sailer+2025  
Farren+2024

EUCLID PRELIMINARY

EUCLID PRELIMINARY

Porredon+2026  
Wright+2026 

Costanzi+2021



Name TalkName TalkGiulio Fabbian Saclay Astroparticule symposium

Simons Observatory CMB lensing status

35

Credits Ola Kusiak (KICC), Karen Perez Sarmiento (IAS) and SO collaboration

Simons Observatory coll. (2025)
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A comparison with deep ground-based data…

36
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A comparison with deep ground-based data…

36
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Cosmic shear cross-correlation status

37

Cosmic shear: state of the art
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DES Y6 
4422 deg2 

8.22 gal / arcmin2 
152M galaxies

KiDS-Legacy 
1347 deg2 

8.79 gal / arcmin2 
41M galaxies

Euclid DR1 
1650 deg2 

24.5 gal / arcmin2 
150M galaxies

Tomographic  SNR~13 on ~200 deg2, highest to date.κ × γ
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G.Aricò et al.: DES Y3 cosmic shear down to small scales

Fig. 6. Degeneracy between S 8 and log Mc, displaying the 1� and 2�
credible levels (red), and using all angular scales. For comparison, we
show as a horizontal band the 1� constraints on S 8 obtained analysing all
angular scales without modelling baryons (blue), and using the Planck
TT+TE+EE+lowE posterior obtained by the DES Collaboration (black,
Planck Collaboration et al. 2018; Secco et al. 2022).

4.4. Constraints on baryons

By including in our analysis all the angular scales available, we
are able to constrain the astrophysical processes which modify
the gravitational evolution of the cosmic density field. In partic-
ular, it has been shown that the suppression in the matter power
spectrum is proportional to the gas fraction expelled from haloes
by baryonic feedback processes (Schneider & Teyssier 2015; van
Daalen et al. 2020). We parametrise this fraction with Mc, the
characteristic halo mass for which half of the gas is depleted.

In Fig. 4 we show our constraints on log Mc when includ-
ing or not the small scales removed in the official DES analysis.
When we apply the DES scale cuts, as expected, log Mc is un-
constrained, even if the data might have a residual sensitivity to
baryonic effects, with higher values of Mc slightly preferred (blue
line). When we analyse all the angular scales, we obtain a tight
constraint log Mc = 14.38

+0.60

�0.56
[log(h

�1
M�)] (red line).

We find an excellent agreement between our estimate of Mc

and that obtained by Chen et al. (2023) (green line) which em-
ployed the same model as ours. However, our constraints are
slightly weaker due to the different assumptions in the two anal-
yses: first, Chen et al. (2023) employ an informative prior on
cosmology, with all cosmological parameters fixed except for �8

and ⌦m, given by the 3x2pt analysis of DES Y3. Second, Chen
et al. (2023) used only the data points with angles smaller than
the DES scale cuts, a TATT intrinsic alignment model, and they
fixed all the baryonic parameters except Mc to the best-fitting val-
ues of the hydrodynamical simulation OWLS-AGN (Schaye et al.
2010). The different priors in cosmology (i.e. the extra informa-
tion on cosmology retrieved by galaxy clustering, galaxy-galaxy
lensing, and shear ratios) have likely the largest impact.

We observe that the posterior of log Mc hits the boundary of
its prior, at log Mc = 15 [log(h

�1
M�)]. This prior has been chosen

to broadly encompass the current measurement of gas fractions in
galaxy clusters measured in X-ray (Vikhlinin et al. 2006; Arnaud

Fig. 7. 1� and 2� credible levels on S 8 and ⌦m using the Planck
TT+TE+EE+lowE posteriors of the DES Collaboration (black, Planck
Collaboration et al. 2018; Secco et al. 2022) and DES Y3 cosmic shear
data, analysing all the angular scales either with our fiducial model (red)
or without modelling baryons (blue), obtained in this work.

et al. 2007; Sun et al. 2009; Giodini et al. 2009; Gonzalez et al.
2013), as well as the prediction of hydrodynamical simulations
McCarthy et al. (2017, 2018). Therefore, we note that we are ex-
plicitly adding to our analysis prior information on the quantity
of gas inside haloes, which cannot be lower than half the cosmic
baryon fraction for haloes with mass M200,c = 10

15
h
�1

M�. Even
if we argue that the prior on Mc is broad enough given X-ray
data, we plan to build the next version of the baryonic emulator
extending the prior Mc to higher values, to better cover the pa-
rameter space allowed by WL-only data.
The remaining 6 free baryonic parameters are unconstrained, and
we show their posteriors in App. D.
Finally, in Fig. 5 we show the estimated suppression in the matter
power spectrum at z = 0. Specifically, we show the 1� cred-
ible interval obtained taking into account the full posterior of
the free cosmological and baryonic parameters in our analysis.
We compare it to the BCM best-fitting models to several state-
of-the-art hydrodynamical simulations, obtained in Aricò et al.
(2021b): EAGLE (Schaye et al. 2015; Crain et al. 2015; McAlpine
et al. 2016), Illustris (Vogelsberger et al. 2014), Illustris TNG
(Pillepich et al. 2018; Springel et al. 2018), OWLS-AGN (Schaye
et al. 2010), and BAHAMAS (McCarthy et al. 2017, 2018). We
infer a suppression of about 10% at k = 2h Mpc

�1, in broad agree-
ment with the BAHAMAS suite and OWLS-AGN, but stronger
than EAGLE and Illustris TNG and milder than Illustris. This
finding is in perfect agreement with Chen et al. (2023), although
since we let free all the baryonic parameters, our model is more
flexible e.g. at large scales (dominated by ⌘, i.e. the distance range
of the AGN feedback) and small scales (modulated by Mz0,cen and
✓inn, which regulate the galaxy-halo mass relation and inner shape
of the gas, respectively).

Article number, page 9 of 23

S8 tension and baryonic suppression

38

• Galaxy lensing drives the S8 tension: large uncertainties on matter distribution at small scales.

• Can reconcile current measurements with proper model of baryons.

• Can perform a joint fit with other  direct probe of gas distribution e.g. SZ effects

Aricò+ (2023)

Bigwood+(2025)
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• Compton-scattering of CMB photons off free electrons 
with non-zero line-of-sight bulk velocity.

• Direct probe of gas momentum and gas 
abundance!

• Cosmological information through velocity field, gas 
properties through optical depth.

The Sunyaev - Zeldovich effect

39

τe = ∫ dlneσT

ΔTkSZ ∼ − τe
vlos

c

y(n̂) =

Z
ne

kBTe

mec2
�T ds
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SZ cross-correlation with Euclid

40

• Shear x tSZ SNR ~13 Comparable to current best measurements with DES x ACT DR6.

• Galaxy clustering x tSZ: SNR ~18, should beat unWISE x ACT+Planck already in DR1.

• kSZ detected with spectroscopic sample…

• Internal, self consistent constraints on gas physics (also to inform cosmological inference). 

Pandey+(2024) 
Kusiak+(2024)

GODMAX fiducial (not a fit) 

ACT DR6 x Euclid Q1 
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CIB/CO & systematics 
contamination 

validation required

Multipole ℓ Multipole ℓ

CIB/CO & systematics 
contamination 

validation required

GODMAX fiducial (not a fit) 

ACT DR6 x Euclid DR1 subset
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Credit: ESA/Euclid/Euclid Consortium/NASA
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• Number counts sensitive to dark 
energy (now ~1000s)

• tSZ flux limit ~ mass limit!

• Complementarity / synergies with 
X-ray and lensing surveys

Cluster cosmology

43

Coma cluster (Planck coll. 2015, Mirakhor+2020)

Bocquet+(2024)

Combined SPT-3G surveys will detect ~10x 
more clusters than previous generation SZ 
surveys and even more than the baseline for 
the future Simon Obs (SO) survey.

In particular, at high-redshifts (1 < z < 2.5), the 
discovered cluster samples will be 
transformative and well-matched to Euclid 
strengths.

First internal data releases (SPT 3G “Main”) 
expected in ~Q3 2024 

Timeline matches Euclid internal DR1 → MoU!

SZ Cluster Surveys

Courtesy SPT 
collaboration
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In the meantime… Gaia!

45

• Gaia: photometry, astrometry, slitless 
spectroscopy with 

• DR3 released 6.6 million quasar candidates.

• Cleaner selection, omplete but low purity: 
many stars masquerading as QSO :/

• DR4 expected in 2 months!

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



Name TalkName TalkGiulio Fabbian Saclay Astroparticule symposium

How it compares?

46

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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• 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?

47
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Cosmology from Quaia x CMB lensing

48

• Tomographic ,  with Planck lensing

• New high-z  constraints.

• Careful foreground assessments. 
 
 
 

• 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

49

• 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⟩)
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Signature of fNL for projected statistics

50

Fabbian, Alonso, Storey-Fisher+(2026)
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Problems

Constraints on fNL

51

• 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

52

•  approaching spectroscopic galaxy surveys in 3D  

• With new Gaia DR4  within reach even with same number density

• Synergies with new SPHEREX, DESI… 

σ( fNL) ∼ 14 − 17 σ( fNL) ∼ 11 (bϕ = 1)
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1st keq measurement from cross-correlation

53

• 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

54

• Presence of axion like coupling  can generate cosmic birefringence

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

10
°33

10
°32

10
°31

10
°30

10
°29

10
°28

10
°27

10
°26

10
°25

10
°24

m¡ [eV]

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

g ¡
∞

[G
eV

°
1 ]

ℒ ⊃ − 1
2 gμν∂μϕ ∂νϕ − V(ϕ) − 1

4 gϕγ ϕ FμνF̃μν

Preliminary

Q ± iU → e∓2iα(n̂)(Q ± iU)→

Δα
ℓ(k) = gϕγ ∫

τ0

0
dτ g(τ)Tδϕ(τ, k)jℓ [k(τ0 − τ)]δϕ′ ′ + 2ℋ δϕ′ + (k2 + a2 d2V

dϕ̄2 ) δϕ = − 1
2 h′ ϕ̄′ 

Arcari+(2026, w/ GF)
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Euclid as synergy machine: QSOs

55

• Photometric AGN/QSOs (30M expected DR3):

•  at 2% w/   

•    

•  from Q1 AGNs: signal detected ad !

σ8(z = 7) κg + gg + κκ

σ( fNL) ∼ 2

κg + gg 3 − 4σ

Euclid coll.: Bisigello+ (2024, w/GF)

Peronaci+ (in prep. w/ GF)

Euclid coll: Peronaci, Fabbian+(in prep.),  
Euclid coll: Matamoro Zatarain+(2025)

EUCLID PRELIMINARY



Name TalkName TalkGiulio Fabbian Saclay Astroparticule symposium

Higher-order cross-correlation

56

• Why limit to 2-point correlation functions….

• : great tools to reduce errors due to galaxy bias uncertainties.

• High-significant detections appeared very recently, hard to model…

⟨κκg⟩, ⟨κgg⟩

3

FIG. 1. First detection of the galaxy-galaxy-CMB lensing bispectrum obtained via the compressed bispectrum estimator. The

solid data points show a detection of Cg2
L at 26� and 22� (for 100  L  2048) for the Blue (left; z̄ = 0.6) and Green (right;

z̄ = 1.1) samples of unWISE galaxies using Wiener-filtered versions of the galaxy over density maps (light, circular data points).
When imposing a more restrictive cuto↵ on the maximum lensing multipole to conservatively guard against foreground biases,
using 100  L  1000, we still obtain a SNR of 22 and 19 for the two samples respectively. When instead filtering the galaxy
maps to exclude highly non-linear scales (` < 300 and ` < 450 for Blue and Green respectively) we obtain 5� and 9� detections
(on scales 100  L  2 ⇤ `max; dark, triangular data points). The grey lines show an approximate, halo-model based prediction

for Cg2
L based on the HOD fit in Ref. [25] (solid for Wiener-filter and dashed for conservative scale cuts). We note that we do

not perform a fit of the model parameters to the observed bispectrum and so we only compare with theory curves to check that
the form of our results does not drastically di↵er from theoretical expectations and that a detection of the signal is unsurprising
given the size of our errors.

contains significant information from small, highly non-
linear scales. Such scales are likely outside the regime
of validity of the perturbative models commonly used
in cosmological analysis. We thus also show results ob-
tained using more conservative filters. We remove all
modes ` > `g�max = 300 for the Blue sample and
` > `g�max = 450 for the Green sample. These scale cuts
are chosen to correspond approximately to a maximum
scale kmax = 0.2h�1Mpc at the mean redshift of the two
samples (z̄ = 0.6 for Blue and 1.1 for Green). For this
more conservative measurement we also impose a more
restrictive cut on large scales in the galaxy density, re-
moving all modes ` < 50. Using these more conservative
scale cuts we still obtain a detection at 5� and 9� for
the Blue and Green samples of galaxies respectively us-
ing multipoles for which 100  L < 2`g�max (the signal
vanishes for larger multipoles, see Eq. 12). These band-
powers are also shown in Fig. 1 for comparison.

COVARIANCE

To estimate the data covariance we rely on 480 Gaus-
sian lensing reconstruction simulations. The generation
of correlated galaxy realisations is discussed in Ref. [26].
These simulations do not contain the signal we are prob-

ing in this work2 and thus yield the covariance under the
assumption that the bispectrum vanishes as appropriate
for a detection claim. The disconnected, Gaussian part
of the six-point function, captured by our simulations,
is expected to be the dominant contribution to the data
covariance. The diagonal elements of the covariance ma-
trix are shown in Fig. 2 and all o↵-diagonal correlations
are small (< 10%).

DATA SYSTEMATICS TEST

To establish the cosmological origin of the signal ob-
served and to rule out potential foreground contamina-
tion we perform a series of consistency tests on the data.
This includes null-tests comparing di↵erent lensing re-
construction options and di↵erent large scale masks.
Firstly, we investigate stability for di↵erent varia-

tions of the lensing reconstruction. To test for po-
tential contamination from foregrounds such as thermal
Sunyaev-Zeldovich (tSZ) clusters or the Cosmic Infrared
Background (CIB) we assess the consistency of bispec-
trum bandpowers measured using lensing reconstructions

2 We verify that we indeed obtain a signal consistent with zero
when applying our pipeline to these simulations.
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Figure 5: Forecasted 1� marginalized errors on M⌫ and fNL for LSST combined with CMB-

S4 (same as the bottom two rows of Tab. 2). The darker bars show the constraints from

the one-loop power spectra and the lighter bars show the constraints with the bispectra also

included.

100 meV, we see that the combination of these two experiments will be capable of ruling out

the inverted hierarchy at about 4� confidence if M⌫ ' 60 meV. It is worth mentioning that

these constraints do not assume any prior information on the optical depth. Our results should

be compared to that of [22], which showed that the cross-spectra between galaxies from LSST

and CMB lensing from CMB-S4 can reach �(M⌫) = 68meV without any prior information on

the optical depth. (To be more precise, this corresponds to the LSST Gold galaxy sample with

non-overlapping tomographic bins and tree-level power spectra with kmax = 0.1 hMpc�1.)

We improve upon this result by a factor of 5, which mainly comes from both adding the

one-loop corrections to power spectra, which enables us to extend kmax to 0.3 hMpc�1 from

0.1 hMpc�1, and adding the bispectrum information. Also, we see that the constraints on

the local non-Gaussianity amplitude �(fNL) ' 1 will be achievable, which is about a factor

of 5 improvement over the current constraint from Planck [8].

Figure 6 shows the 1� and 2� contours, showing correlations between di↵erent parame-

ters. We see that when adding bispectra, the parameter constraints improve by a factor of 3

for M⌫ and a factor of 2 for the rest the parameters. In turn, adding galaxy and CMB lensing

cross-correlations improves the results by twofold for most parameters, except for ns and As

whose constraints improve by factors of 4 and 8, respectively. Because including CMB lensing

strongly breaks the degeneracy between As and the linear bias b�, it significantly improves

the constraint on As. Similar results can also be found in [21], in which they show that the

precision of �8 improves by more than a factor of 10 with cross-correlations of CMB lensing.

4.2.1 CMB Lensing

CMB lensing serves as a tracer for the underlying matter density field. By cross-correlating

it with a galaxy survey, we can circumvent the cosmic variance limited by the survey volume,

and also partially cancel the degeneracy between di↵erent cosmological parameters. The idea
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included.

100 meV, we see that the combination of these two experiments will be capable of ruling out

the inverted hierarchy at about 4� confidence if M⌫ ' 60 meV. It is worth mentioning that

these constraints do not assume any prior information on the optical depth. Our results should

be compared to that of [22], which showed that the cross-spectra between galaxies from LSST

and CMB lensing from CMB-S4 can reach �(M⌫) = 68meV without any prior information on

the optical depth. (To be more precise, this corresponds to the LSST Gold galaxy sample with

non-overlapping tomographic bins and tree-level power spectra with kmax = 0.1 hMpc�1.)

We improve upon this result by a factor of 5, which mainly comes from both adding the

one-loop corrections to power spectra, which enables us to extend kmax to 0.3 hMpc�1 from

0.1 hMpc�1, and adding the bispectrum information. Also, we see that the constraints on

the local non-Gaussianity amplitude �(fNL) ' 1 will be achievable, which is about a factor

of 5 improvement over the current constraint from Planck [8].

Figure 6 shows the 1� and 2� contours, showing correlations between di↵erent parame-

ters. We see that when adding bispectra, the parameter constraints improve by a factor of 3

for M⌫ and a factor of 2 for the rest the parameters. In turn, adding galaxy and CMB lensing

cross-correlations improves the results by twofold for most parameters, except for ns and As

whose constraints improve by factors of 4 and 8, respectively. Because including CMB lensing

strongly breaks the degeneracy between As and the linear bias b�, it significantly improves

the constraint on As. Similar results can also be found in [21], in which they show that the

precision of �8 improves by more than a factor of 10 with cross-correlations of CMB lensing.

4.2.1 CMB Lensing

CMB lensing serves as a tracer for the underlying matter density field. By cross-correlating

it with a galaxy survey, we can circumvent the cosmic variance limited by the survey volume,

and also partially cancel the degeneracy between di↵erent cosmological parameters. The idea
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• Euclid is is a fantastic synergy machine. 

• Exciting prospects for Euclid X CMB probes:

• Promising cosmology results achieved in Q1.

• With large number density and area come great  
responsibility: A TON OF SALT needed.

• Ask me about kSZ if interested.

• Upcoming DR1 will have >30   alone! BAO 
detection already has competitive results…

• Looking forward to Gaia DR4

• New exciting constraints on primordial and late-time 
cosmology (and astrophysics). 

• Stay tuned!
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