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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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Cosmological probes: CMB
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• CMB temperature information almost saturated by Planck

• 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

 τ, NeffAiola+2022
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Beyond CMB observations

4
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Beyond CMB observations

4

• Spectroscopic 
surveys (e.g. DESI) 

• Observing matter distributions as it grows: we need proxies

f [δm]

• Photometric 
surveys (e.g. Rubin)



Name TalkName TalkGiulio Fabbian BCCP seminar

Cosmological probes: galaxy clustering + shear
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• CMB alone is weakly sensitive to e.g. dark energy: we need (tomographic) LSS!

• Galaxy clustering: P(k), BAO, RSD, voids are 
sensitive to the growth rate and amplitude 
of fluctuations 

• Biased tracers… 
 
Pgg(k, z) ≈ b2(z, k)Pmm(k, z)

Philcox+2020

• Galaxy lensing: sensitive to amplitude of 
fluctuations and geometry 
 

• Unbiased but very hard: needs good z, 
many galaxies, systematics control.

Cγγ
zi

≈ Pm(k, zi)
χ − χzi

χχzi

dN
dz

jℓ(kχ)

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.
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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

6

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 –

• 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)

Notation 
Warning!

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:

S(±1)
φ,ℓ (λ, λ′) =

√
(ℓ + 1)!
2(ℓ − 1)!

[
λ − λ′
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]
, (29)

S(±1)
ϖ,ℓ (λ, λ′) = ±

√
1

2ℓ(ℓ + 1)
jℓ(λ′), (30)

◦ tensor perturbations:

S(±2)
φ,ℓ (λ, λ′) =

√
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S(±2)
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√
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1
2ℓ(ℓ + 1)

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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Cosmological probes and cross-correlations

7

• Different probes test different scales and redshift (and different systematics).

• Need 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)



EUCLID
LAUNCH

Euclid launched on 1st July 2023 from Florida aboard a Falcon 9 
launcher. 
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Euclid mission

9

• 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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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
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The Euclid instrument
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• 2100 kg

• 1.2 m mirror cooled <130K

• 3 mirror in SiCO

• FoV ~ 0.57 deg2

• 2 set of instrument working simultaneously:

• VIS: visible band, 25 AB mag. limit at SNR~10 

• NISP: near IR,  24.5 AB mag. limit at SNR~5, 
spectra with R~400.
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Performances 
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• Euclid covers 30 years of Hubble 
operation every ~5 days.

• Euclid FOV ~ 3x the moon size.

• Complements others facilities 
from space and ground (e.g. DESI, 
LSST).

JWST/NIRCam FOV 
0.003 deg2

Hubble/ACS FOV 7e-05 
deg2

Euclid mission review (Mellier+2024)

Mellier+2024
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WIDE survey

13

• 15000 deg2 covered over 6 years of data acquisition. 4 visits with ~700s exposure.

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

13

• 15000 deg2 covered over 6 years of data acquisition. 4 visits with ~700s exposure.

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

14

• 53 deg2 + auxiliary fields (e.g. COSMOS)

• Revisited multiple times across the survey time 

• 2x magnitude deeper will be used for

• Calibration, selection function, legacy 
science…

• Ground based synergies with DES, HSC, 
UNIONS for photometric redshift.

• None of them will match the Euclid specs 
until… Rubin.

• Follow-up with mm-wave instruments, e.g. SPT. 

Archipley, M., et al.: A&A, 706, A17 (2026)

Fig. 2. Approximate full-depth EDF-S sky footprint (shown in a blue outline) overlaid on top of the 57-square-degree SPT-3G coadded temperature
maps in the ZEA projection. In this RGB image, the 95 GHz data are shown in the red channel, 150 GHz data are green, and 220 GHz data are
blue. The image was generated using the stiff (Bertin 2012) command stiff coadd_map_ZEA_95GHz.fits coadd_map_ZEA_150GHz.fits
coadd_map_ZEA_220GHz.fits -MIN_TYPE MANUAL -MAX_TYPE MANUAL -MIN_LEVEL -140 -MAX_LEVEL 140 -GAMMA. Notable features
of the map include the small-angular-scale CMB temperature fluctuations, emissive point sources which appear as red and blue bright dots,
and tSZ decrements from galaxy clusters which appear as compact dark spots. Artifacts from interpolated bright sources appear as discs of which
a close-up is shown in Fig. 3. The map border is an apodized edge (apodization is described in Sect. 5.1).

Table 1. Information about the observing footprint used in this work.

Quantity Value

SPT field name RA4H04DEC-48
RA center 61.25 deg (04h04m)
Dec center �48.75 deg
� RA 11.5 deg
� Dec 6 deg
Effective area 57 square degrees
Observing dates 6 October 2024–3 December 2024
Time on field 20 days

Notes. We calculated an apodization mask (see Sect. 5.1) based on the
weights of the map pixels that down-weights the noisy edge regions of
the map. The effective area of the field is determined by the mask and
is the region over which we search for point sources and clusters.

3. Map making

The first step in our analysis is to process the camera data into
maps (“map making”), which are used by both the point-source
and cluster-finding algorithms. The SPT-3G map-making pro-
cedure is detailed in Dutcher et al. (2021), with changes and
choices specific to our analysis described here.

3.1. Timestream processing

The SPT-3G observations are recorded as time-ordered data
(TOD), or timestreams4. We filtered the TOD and binned data
into pixels to create temperature maps. Different science analy-
ses in the SPT collaboration necessitate different TOD filtering
and map binning choices, such as the angular scales to high- and
low-pass filter, treatment of bright sources, and map resolution
and pixelization. In this work, we optimized the TOD process-
ing and map pixelization for small-angular-scale science, namely
detections of point sources and galaxy clusters.

The timestreams were high-pass filtered along the scan direc-
tion below `HP=500 (using the relation ✓ = ⇡/`, this corresponds
to 21.6 arcmin in angular units; the high-pass cutoff was cho-
sen to remove as much atmospheric signal as possible without
significantly impacting science signal of interest) and low-pass
filtered above `LP=20 000 (corresponding to 0.54 arcmin) to
reduce aliasing when the data were binned into map pixels.
We note that, because the scan speed is constant in RA (see
Sect. 2.2), the on-sky speed, and hence the translation between
scan-direction multipole `x and temporal frequency f , is a func-
tion of declination. For example, the high-pass cutoff `HP = 500
varies in temporal frequency from f = 0.86 Hz to f = 0.96 Hz

4 The SPT-3G public software repository is available on GitHub
(CMB-S4/SPT-3G Collaboration 2024).

A17, page 4 of 25

SPT coll: Archipley+(2025)
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Status and timeline
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• Commissioning ongoing, focusing and mechanical tests all successful.

• Few problems identified and solved (e.g. ice, solar flares…)

• 1st public release 2025 (Q1). Internal DR1 release imminent. 

Scaramella+2020
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A comparison with deep ground-based data…

16

• From scaramella + 



EUCLID
RESULTS SO FAR

Credit: Ralf Bender & Ross Collins using public data from Euclid and VISTA



EUCLID
RESULTS SO FAR

Credit: Ralf Bender & Ross Collins using public data from Euclid and VISTA



EUCLID
RESULTS SO FAR

Credit: ESA/Euclid/Euclid Consortium/NASA

Stars

Galaxy

Cosmic ray / 
artifacts

Snowball /
muon
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What to expect: synergies between surveys.
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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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Forecast for 6x2pt analysis

20

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

• Ideal for cross-correlation!

• Planck for the EDFN,  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

22

• 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

22

• 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.
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Towards DR1: the Q1 data release

23

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

• The two cuts deliver samples with with different redshift limits: 

• Pgal ∼11 gal/arcmin2,  zmax~1.2.

• Pstar ∼ 21 gal/arcmin2,zmax~2.5.

• DES gold clustering sample 0.8 gal/arcmin2.

EDFS,		pgal > 0.90 EDFS,	pstar < 0.05

Preliminary
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Zooming in on systematics

24

• Systematics deprojection needed due to lack of deep external data and no full visibility 
masks (minimal effects in science band).

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.

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.

• In addition solar aspect angle, scanning strategy parameters, 
external data set depth…
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Preliminary results:  single bin

25

• WARNING: theory lines are not fits!

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

• TLDR: good  (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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A brief (thermal) history of the Universe
Accurate measurements of the CMB temperature 
and polarization anisotropies give us a snapshot 

of the Universe at the time of recombination 
but…

…wealth of info is encoded in the CMB spectral 
energy distribution (and its departure from a 

blackbody spectrum)!
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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.

30

2 150 500 1000 2000 3000 4000
Multipole �

200

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.



A brief (thermal) history of the Universe

2 x 106

5 x 104

1100

z
• Compton scattering:  

• Double Compton scattering:  

• Bremsstrahlung: 

e− + γ → e− + γ

e− + γ → e− + γ + γ

e− + X → e− + X + γ

The creation/destruction and scattering of photons allows to 
establish  thermodynamic (= chemical + kinetic) 

equilibrium

Blackbody spectrum is achieved!



A brief (thermal) history of the Universe

2 x 106

5 x 104

1100

z
• Compton scattering: e− + γ → e− + γ

• Double Compton scattering:  

• Bremsstrahlung: 

e− + γ → e− + γ + γ

e− + X → e− + X + γ

# of CMB photons is frozen

energy injections in 
primordial plasma will 
distort the BB spectrum

Sunyaev, Zel’dovich, 1970; Danese, de Zotti, 1982; Burigana, Danese, de Zotti, 1991 
Hu, Silk, 1994; Chluba, Sunyaev, 2011; Kathri, Sunyaev, 2012; Chluba, 2016,++



A brief (thermal) history of the Universe

2 x 106

5 x 104

1100

z
• Compton scattering: e− + γ → e− + γ

• Double Compton scattering:  

• Bremsstrahlung: 

e− + γ → e− + γ + γ

e− + X → e− + X + γ

No photon energy 
redistributions / thermal 

equilibrium

energy injections in 
primordial plasma will 
distort the BB spectrum

*Transition from µ to y is gradual, generation of residual distortions not described by µ + y 

Also probe of late time physics (e.g SZ / reionization)
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Constraints on distortions

32

• Limited improvements after FIRAS 

• ARCADE, TRIS: improved at , 
questions on foreground/systematics remain.

• Nothing in Decadal survey despite effort (PIXIE, 
Prism, Bisous, Cosmo etc)

ν ≲ 10 GHz

 
|⟨μ⟩ | ≲ 90 × 10−6

|⟨y⟩ | ≲ 15 × 10−6 → (−1 ± 6 × 10−6 stat.) × 10−6

Mather+94, Fixsen+96, +03

TRIS: Gervasi+08Arcade2: Seiffert+11
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FIRAS data are more than a spectrum

33

• 170 frequency channels maps. Can we do a better analysis based on modern techniques 
and what we have learned in the meantime?

Bianchini & Fabbian (2022)

W/ F. BIANCHINI 
(KIPAC STANFORD)
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Why FIRAS is unique

34

Planck

• Uses motion of satellite to calibrate 
 

• Assumes T0 (from… FIRAS)

T(n̂′ ) = T(n̂)
γ(1 − β ⋅ n̂′ )

FIRAS

• Fourier Transform 
Spectrometer

• Absolutely calibrated 
experiment, gives true 
brightness temperature
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• Measurements correlated in pixel and frequency space (“unusual" regime)

FIRAS: a fully correlated data set

35

Bianchini & Fabbian (2022)
Ppp′ ≡ δpp′ /Np + βp

k βp′ k + 0.042,

ℂFIRAS
νpν′ p′ 

= Cνν′ Ppp′ + SpνSp′ ν′ (JνJν′ + GνGνδνν′ ) + ∂TBν∂TBν′ (U2δpp′ /Np + T2) .

Calibrator systematicsCalibration errors

Noise correlation Calibrator emissivitySky variation

DestripingFFT
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Analyzing the FIRAS data cube

36

• Re-analysis has to address the shortcomings

• Template fitting foreground cleaning: sensitive 
to systematics, noise, template reliability.

• DIRBE @ Cosmoglobe: Zodiacal light residuals 
 
 
 
 
 
 
 
 

• Foreground extrapolation from high freqs…

• Linearized distortion nearly fully degenerate with 
other parameters.

Iν(n̂) = Bν + Dν
̂β ⋅ n̂ + ∑

i
AFG,i

ν IFG,i(n̂)

For each 
frequency

Bν = Bν(T0) + ΔT
∂Bν

∂T
+ μ

∂Bν

∂μ
μ=0

+ G0g(ν)

Least-square fitting

Original FIRAS

ν ≲ 600 GHz

Fixsen+
(1996)

Cosmoglobe 
coll. (2024)
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The foreground challenge

37

• Spectral distortions are weak and foregrounds are ~100x brighter even on clean sky regions. 

• DIRBE noise ~= FIRAS: correlated noise introduced by template fitting cleaning leading 
to sensitivity loss.

Sabyr+ (2025) 
Fabbian+(2025) 

Bianchini & Fabbian (2022)
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Robustness of component separation methods

38

• What is the best, most robust way to  measure <y>?

• CIB needs great care (spectral degeneracy with 
dust, spatial correlation with SZ…)

• Idea: realistic mocks based on state of the art sky 
models to compare approaches.

• Find best tradeoff between foreground complexity and 
and FIRAS frequency coverage.

Data Mock

A. Sabyr, GF, C. Hill, 
F. Bianchini (2025)
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Analyzing the FIRAS data cube: our approacheS

39

⟨Iν⟩ = Bν(T0) + ⟨ΔT⟩ ∂B
∂T

+ ⟨ISD
ν ⟩ + ∑

i
⟨IFG,i⟩

θ = {⟨ΔT⟩, ⟨y⟩, ⟨μ⟩, . . . }

Spatial mean
Monopole modeling

MCMC

Reference forecasting tool Abitbol+ 
(2017)

Iν(n̂) = Bν(T0, μ(n̂)) + ΔT(n̂) ∂B
∂T

T0

+ IFG(θFG, n̂)

Pixel-by-pixel
MCMC

Bianchini & Fabbian (2022)

2x better ⟨μ⟩

Parameters’ maps {⟨μ⟩, ⟨y⟩, . . . }

4x better 
than 

monopole 
method
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<y> measurements results

40

• Use only pixels consistent across foreground models for robustness and P60 galactic mask

Fabbian+ (2025)

Gratton 
& 

Challinor  
(2019)

3x better 
upper limit

⟨y⟩1 − ⟨y⟩2

σ2
⟨y⟩,1 − σ2

⟨y⟩,2

≲ 2

⟨y⟩ ∼ (1.0 ± 2.1) × 10−6
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Why do we care?

41

• y distortions are dominated by late time gas physics: unique probe of feedback.

3

Figure 2. Illustration of the halo mass and redshift contribu-
tions to the y distortion observables. Plotted is the normal-
ized integrand in Eq. (4), using the fitting formulae described
in Sec. IV B.

the CMB spectrum has not yet been detected. Only
an upper limit on the non-relativistic y distortion ex-
ists from the COBE FIRAS experiment, which yielded
|hyi| < 15 ⇥ 10�6 (95 % cl) [27], which is about one order
of magnitude above the expected ⇤CDM signal [15]. We
thus anticipate significant detections with future CMB
spectroscopy [28–31].

A monopole measurement would be complementary to
the existing higher-moment tSZ analyses [e.g., 32–46],
since it features very different systematics and would also
yield the relativistic component at high significance [8].
Furthermore, in contrast to cluster-stacking and power
spectrum [47–49] approaches, the hyi measurement is
more sensitive to lower-mass objects, as illustrated in
Fig. 2.

The hyi and hTei signals constitute unique probes of
baryonic physics in galaxy clusters and groups. Since hyi
probes thermal energy, it is subject to the energy conser-
vation equation

E
th,tot

e| {z }
Total

= E
coll

e|{z}
Collapse

+ E
inj

e|{z}
Injected

� E
cool

e| {z }
Cooling

. (3)

The most uncertain term in the above equation is E
inj

e

which can largely be attributed to feedback processes
from massive stars, supernovae (SNe), and active galactic
nuclei (AGN). These processes inject additional energy
into the interstellar, intergalactic, and intracluster media
(ISM, IGM, and ICM, respectively). Such feedback pro-
cesses are standard ingredients in any theoretical models
of galaxy formation, both semi-analytic [e.g., 50, 51] and
simulation-based models [e.g., 52–57].

The most reliable way to explore how feedback mod-
els influence the y-distortions is by analyzing hydrody-

namical simulations with qualitatively and quantitatively
different subgrid prescriptions. Such an approach is com-
plicated by the fact that, owing to their bias towards rare
high-density peaks, the distortion signals are heavily in-
fluenced by sample variance. Furthermore, the parame-
ter space of subgrid models is vast and poorly explored,
meaning that ideally we would need many large-volume
hydrodynamical simulations, which is currently not feasi-
ble. We will demonstrate later that these problems can be
overcome by utilizing machine learning methods as well
as analytical corrections using the halo model.

Since the y-distortions are predominantly sourced by
galaxy groups and clusters [15], an analytical description
based on the halo model [58–60] is a natural first ap-
proximation. In the halo model formalism, we assume
spherically symmetric halos described only by mass M

and redshift z, yielding

hyihm =
�T

me

Z
dzdM

(1 + z)2

4⇡H(z)

dn

dM

Z
d~r Pe(|~r|;M, z) ,

(4)
where dn/dM is the halo mass function and ~r denotes
position within a given halo, and the expression assumes
a flat universe. The expression for hTeihm is analogous.
Note that the halo model neglects the IGM contribution
discussed in Appendix D.

In the following, it will be useful to think of the ob-
servables xi ⌘ {hyi, hTei} in terms of the approximate
factorization

xi ⇠ f
c

i
(�8,⌦m, ...)f b

i
({Aj})fCV

i
(�) , (5)

where f
c

i
describe the dependence on cosmological pa-

rameters, f
b

i
are functions of a set of feedback parame-

ters Aj , and f
CV

i
depends on the initial conditions and

thus encapsulates sample variance. Such factorizations
are frequently-used and good approximations to observ-
ables that are well-described by the halo model. Nonethe-
less, our results typically only weakly depend on the va-
lidity of this approximation.

It should be noted that we group all our uncertainty on
the simulation sub-grid model in the feedback parame-
ters Aj . These supernova and AGN feedback parameters,
further elaborated on in Sec. IIA, predominantly affect
the ICM contribution to the distortion signals. There
is a non-negligible IGM contribution, however, which in
Appendix D we show is a ⇠ 10 % effect with ⇠ 40 % the-
oretical uncertainty.

The rest of this paper is structured as follows. In
Sec. II we describe the CAMELS simulations as well as
the larger reference boxes. Sec. III provides a short sum-
mary of the assumed experimental setup used for forecast-
ing. In Sec. IV we describe how we interpolate through

Thiele+
(2022)

⟨y⟩ ≡ ⟨y(n̂)⟩n̂ = ∫ d ̂n
4π

σT

me ∫ Pe(n̂, l)dl

⟨Te⟩ ≡ ⟨Te(n̂)⟩n̂ = ⟨y⟩−1 ∫ d ̂n
4π

σT

me ∫ [TePe](n̂, l)dl
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Modeling <y> in hydrodynamical simulations

42

• CAMELS: over 8k hydro simulations varying cosmology, feedback recipes, codes…

• 25 Mpc/h, 2x 2563 particles: need to address volume and cosmic variance effects

Villaescusa Navarro+ 
(2020)

10 Villaescusa-Navarro, Anglés-Alcázar, Genel, et al.

Figure 3. This figure shows 2D projections of the gas temperature, gas metallicity, gas density, stellar mass, gas velocity, neutral hydrogen,
dark matter, electron number density, and gas pressure (from top to bottom) over a region with 25 ⇥ 25 ⇥ 5 (h�1Mpc)3 from the four
di↵erent IllustrisTNG EX simulations at z = 0. The di↵erent columns show results for the simulations with 1) fiducial astrophysics (left), 2)
extreme AGN feedback (center-left), 3) extreme supernova feedback (center-right), and 4) no feedback (right). It can be seen how feedback
a↵ects di↵erent fields in a di↵erent manner.

Fiducial Extreme  
AGN

Extreme  
SN

No  
feedback 

z = 0

3

Figure 2. Illustration of the halo mass and redshift contribu-
tions to the y distortion observables. Plotted is the normal-
ized integrand in Eq. (4), using the fitting formulae described
in Sec. IV B.

the CMB spectrum has not yet been detected. Only
an upper limit on the non-relativistic y distortion ex-
ists from the COBE FIRAS experiment, which yielded
|hyi| < 15 ⇥ 10�6 (95 % cl) [27], which is about one order
of magnitude above the expected ⇤CDM signal [15]. We
thus anticipate significant detections with future CMB
spectroscopy [28–31].

A monopole measurement would be complementary to
the existing higher-moment tSZ analyses [e.g., 32–46],
since it features very different systematics and would also
yield the relativistic component at high significance [8].
Furthermore, in contrast to cluster-stacking and power
spectrum [47–49] approaches, the hyi measurement is
more sensitive to lower-mass objects, as illustrated in
Fig. 2.

The hyi and hTei signals constitute unique probes of
baryonic physics in galaxy clusters and groups. Since hyi
probes thermal energy, it is subject to the energy conser-
vation equation

E
th,tot

e| {z }
Total

= E
coll

e|{z}
Collapse

+ E
inj

e|{z}
Injected

� E
cool

e| {z }
Cooling

. (3)

The most uncertain term in the above equation is E
inj

e

which can largely be attributed to feedback processes
from massive stars, supernovae (SNe), and active galactic
nuclei (AGN). These processes inject additional energy
into the interstellar, intergalactic, and intracluster media
(ISM, IGM, and ICM, respectively). Such feedback pro-
cesses are standard ingredients in any theoretical models
of galaxy formation, both semi-analytic [e.g., 50, 51] and
simulation-based models [e.g., 52–57].

The most reliable way to explore how feedback mod-
els influence the y-distortions is by analyzing hydrody-

namical simulations with qualitatively and quantitatively
different subgrid prescriptions. Such an approach is com-
plicated by the fact that, owing to their bias towards rare
high-density peaks, the distortion signals are heavily in-
fluenced by sample variance. Furthermore, the parame-
ter space of subgrid models is vast and poorly explored,
meaning that ideally we would need many large-volume
hydrodynamical simulations, which is currently not feasi-
ble. We will demonstrate later that these problems can be
overcome by utilizing machine learning methods as well
as analytical corrections using the halo model.

Since the y-distortions are predominantly sourced by
galaxy groups and clusters [15], an analytical description
based on the halo model [58–60] is a natural first ap-
proximation. In the halo model formalism, we assume
spherically symmetric halos described only by mass M

and redshift z, yielding

hyihm =
�T

me

Z
dzdM

(1 + z)2

4⇡H(z)

dn

dM

Z
d~r Pe(|~r|;M, z) ,

(4)
where dn/dM is the halo mass function and ~r denotes
position within a given halo, and the expression assumes
a flat universe. The expression for hTeihm is analogous.
Note that the halo model neglects the IGM contribution
discussed in Appendix D.

In the following, it will be useful to think of the ob-
servables xi ⌘ {hyi, hTei} in terms of the approximate
factorization

xi ⇠ f
c

i
(�8,⌦m, ...)f b

i
({Aj})fCV

i
(�) , (5)

where f
c

i
describe the dependence on cosmological pa-

rameters, f
b

i
are functions of a set of feedback parame-

ters Aj , and f
CV

i
depends on the initial conditions and

thus encapsulates sample variance. Such factorizations
are frequently-used and good approximations to observ-
ables that are well-described by the halo model. Nonethe-
less, our results typically only weakly depend on the va-
lidity of this approximation.

It should be noted that we group all our uncertainty on
the simulation sub-grid model in the feedback parame-
ters Aj . These supernova and AGN feedback parameters,
further elaborated on in Sec. IIA, predominantly affect
the ICM contribution to the distortion signals. There
is a non-negligible IGM contribution, however, which in
Appendix D we show is a ⇠ 10 % effect with ⇠ 40 % the-
oretical uncertainty.

The rest of this paper is structured as follows. In
Sec. II we describe the CAMELS simulations as well as
the larger reference boxes. Sec. III provides a short sum-
mary of the assumed experimental setup used for forecast-
ing. In Sec. IV we describe how we interpolate through

Thiele+(2022)

AAGN1, AAGN2 ASN1, ASN2
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Constraining galaxy formation models

43

• SIMBA stronger feedback model with directional AGN jets.

• Some models start to be ruled out but large degeneracies remains.

• Direct constraints are weak but not hopeless: likelihood-free inference?

Fabbian+(2025)
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<y> interpretation robustness

44

• Feedback strength usually dependent/coupled to baryon fraction 

• We checked that the ruled-out models in Simba do not have anomalous 

• It’s not the same for low feedback models…

fb = Ωb/Ωc

fb

10

hyi [⇥10�6]

Foreground model P80 P70 P60 P40 P20 < 95% C.L.

Ad + �d �0.8± 1.6 0.1± 1.7 2.0± 1.8† 4.2± 2.1 6.3± 2.9 5.5
Ad +AAbitbol

CIB 0.3± 2.9 0.3± 3.0 2.7± 3.2† 0.9± 3.9 2.9± 5.6 9.2
Ad +AFixsen

CIB �0.4± 3.0 �0.8± 3.1 0.7± 3.4† �0.4± 4.0 �0.8± 5.7 7.5
Ad +AGispert

CIB 4.4± 2.5 3.8± 2.6 5.2± 2.8† 4.8± 3.3 5.1± 4.8 10.9
Ad + �d +AAbitbol

CIB �2.7± 3.6 �1.1± 3.8 1.4± 4.2† �3.7± 5.5 �0.5± 8.9 9.9
Ad + �d +AFixsen

CIB 0.7± 3.1 �2.5± 3.3 1.1± 3.7† �3.5± 4.8 �3.3± 8.0 8.4
Ad + �d +AGispert

CIB 2.0± 4.4 0.4± 4.8 0.1± 5.3† �4.9± 7.0 0.1± 11.3 10.8
Ad + �d + Td 0.8± 1.9 1.2± 2.0† 1.7± 2.1 0.7± 2.8 �6.9± 4.7 5.2

Table I. Summary of all the measurements of hyi obtained for di↵erent foreground models and Galactic masks. We assumed a
⌫max = 600 GHz. † indicates the reference value for which we computed the 95% C.L. upper limit.

Foreground model hyi[10�6] < 95% C.L.

Ad + �d + Td P60 1.7± 2.1 5.9
Ad + �d + Td P40 0.7± 2.8 6.3
Ad + �d + Td P80 0.8± 1.9 4.7
Ad + �d + Td P60set 0.9± 1.9 4.8
Ad + �d + Td P40set 1.3± 2.1 5.5
Ad + �d + Td P20set 2.1± 2.2 6.4

Ad + �d +AAbitbol
CIB ⌫max = 1THz 2.0± 1.8 5.5

Ad + �d +AFixsen
CIB ⌫max = 1THz 1.6± 1.9 5.4

Table II. Stability of hyi measurement to analysis variations.

ogy dependence becomes less accurate. Constraints from
these models are therefore less robust. For Astrid, we
could not apply the specific correction accounting for
missing massive halos in the limited CAMELS volume, as
the large parent volume of Astrid was not publicly avail-
able at all redshifts, leading to biased-low hyi values. De-
spite this limitation, Astrid, like SIMBA, allows us to ex-
clude parts of the parameter space explored in CAMELS,
particularly models with low ASN2 and AAGN2, corre-
sponding to weak supernova feedback and low AGN jet
energy injection (see [62] for a more detailed discussion
on the meaning of these parameters). By contrast, no
specific region is excluded for the IllustrisTNG suite. We
show all these results in the Supplemental material. We
further tested if the models ruled out in Fig. 3 could
identify a specific combination of feedback parameters
using the neural posterior estimation method of [83] and
a simulation based inference approach, in order to have
a better treatment of internal feedback parameter degen-
eracies. While we found that AAGN2 could be marginally
constrained, degeneracies remain the dominant e↵ect and
prevent a robust direct measurement. Nonetheless, in
Fig. 5 we show how our hyi measurement rules out spe-
cific regions of the parameter space. The preferred me-
dian values of ASN2 and AAGN2 in the excluded models
cannot in fact be explained with a random combination
of feedback model parameters.

Figure 4. Baryon fraction fb of each of the CAMELS simula-
tions excluded by our hyi measurement. The dotted line and
shaded area show the median fb and its bootstrap error.

Figure 5. Histogram of the values of AAGN2 (top) and ASN2

(bottom) for the models allowed and excluded by hyi in the
CAMELS SIMBA suite. The corresponding median and boot-
strap error are shown as a solid line and shaded area.
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w/ C. Lovell

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

• Weak lensing + kSZ : can reconcile current measurements with (extreme) feedback.

• <y>  constraints on baryon suppression in the ballpark of current analyses, informative 
probe for consistency tests!

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

Fabbian+ (2025)

Aricò+ (2023)
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• Several instruments are being built, deployed or in phase A: transformational potential!

• FOSSIL ESA M8 mission pre-selected (P.I. N. Aghanim, B. Maffei @ IAS)

• Forecasts for 16 foreground parameters: potential 5  detection for BISOU, >200  for FOSSIL!σ σ

Maffei+ (2021, BISOU), 
Aghanim+ (2025, FOSSIL),  
Masi+(2021, COSMO), 
Rubiño-Martin+(2020, TMS) 
Sabyr+(2024, SPECTER)

2. Mission configuration

To achieve the ambitious science goals outlined
above while matching the requirements of the ESA
M-mission call, a careful trade-off analysis among the
technology options was performed, with most of the
considered subsystems at TRL≥ 6. Pathfinder ground-
based and balloon-borne projects, e.g., BISOU [4],
COSMO [5] and TMS [6], are planned to increase the
maturity of some sub-systems. FOSSIL’s baseline de-
sign fulfills the science requirements with an instru-
ment mapping the sky through a continuous scanning
strategy, spinning around its axis while performing
spectroscopic measurements at 30-2000 GHz with a
Fourier Transform Spectrometer (FTS). Figure 2.1: Expected CMB spectral distortion signals and

total foreground emissions (grey) compared with noise lev-
els from COBE/FIRAS and FOSSIL. Dashed curves repre-
sent negative values.

2.1 Instrument concept
The FOSSIL concept (Fig.2.2 right) is based on a 2-inputs - 2-outputs absolute FTS. Both sky inputs go indepen-
dently through identical off-axis telescopes with a primary diameter of 60 cm, giving an equivalent Gaussian
beamwidth of ≃ 1.4◦. The optical inputs for the two arms of the FTS are two co-aligned telescopes in adjacent
double-barrel baffles. A rotating wheel, with holes and mirrors directing either of the input beams towards
a calibrator, permits three observing modes. In modes 1 and 2, only one input beam sees the sky, the other
the calibrator, so that the difference between the sky and the reference blackbody is recorded. The FTS input
beams are switched with the mirror, ensuring that these alternate measurements are limiting the telescope’s
optical systematic effects. The Fourier Transforms of the time domain interferograms of the detector outputs
provide a set of modulated spectra, the combination of which will yield spectra of the desired source. The third
mode, used only for optics calibration purpose, allows for both FTS input beams to be directed to the sky.
The two outputs are focused onto multimoded feedhorn-coupled detectors cooled down to sub-K temperature
(typically 100 to 300 mK). To achieve the sensitivity required by the primary science goals, each FTS output
is split into two bands, thus reducing the photon noise, notably for the low-frequency (LF) band. A dichroic at
each FTS output divides the beam onto two focal plane units (FPUs): one low frequency (LF, 30 - 200 GHz) and
one high frequency (HF, 200 - 2000 GHz). While the exact frequency split can be between 100 and 200 GHz,
the baseline is 200 GHz.
In order to limit systematics in the measured spectral distortions, the whole instrument (telescopes, FTS mirrors,
calibrator, FPUs) will be placed within an absorbing Enclosure maintained within 0.1 K of the CMB temper-
ature (2.73 K). The calibrator temperature will be controlled over the temperature range 2.5–2.9 K, while the
four FPUs (two bands for each of the two FTS outputs) will be cooled down to sub-K temperature.

2.1.1 Fourier Transform Spectrometer
The FTS (Fig. 2.2, right) is based on a scanning roof-top mirror which requires less demanding stroke and path
sampling than that based on the Herschel/SPIRE FTS mechanism [7], given the comparably reduced spectral
resolution (15 GHz) and maximum frequency (2 THz) required to achieve the science goals. Having to operate
down to low frequencies, the optical components will be larger, leading to an FTS size of about 1.2 m.

2.1.2 Detectors
Using multimoded feedhorns in order to maximise the sensitivity, implies large pixels, especially for the LF
band. The estimated optical power (Sec. 1.3) and associated Noise Equivalent Power (NEP - Table 2.1) show
that the required sensitivity can easily be reached with detectors at 100 to 300 mK. For the HF FPUs, several
technologies could be used. On the one hand, KIDs technology [8] coupled to an FTS is already used for
ground-based instruments CONCERTO and KISS (Institut Néel - Grenoble & Aix Marseille Univ.) and for the
OLIMPO [9] balloon-borne instrument (Roma) for instance. R&D programmes have increased to TRL5 the
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• Euclid: instrument is working very well.

• Promising benchmark from photometric probes x CMB lensing…

• but not without challenges:  A TON OF SALT needed.

• CMB lensing cross-correlation can recover constraining power.

• Results coming soon, stay tuned! (Or ask me more later).

• CMB spectral distortions are alive and well 

• We showed you can get feedback constraints 
with 30 years old data, competitive with 
current measurements. 

• There is an experimental path forward  
(TMS, COSMO, BISOU…)

• FOSSIL could constrain feedback models!


