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WHERE GALAXIES ORIGINATED FROM?



WHERE GALAXIES ORIGINATED FROM?
Emergence of the cosmic web from gravitational 
collapse of initial perturbations, Zel’dovich 1970’s:

•collapse along one axis: walls  
•contraction of second axis: filaments  
•full collapse along 3 axes: nodes

Gravity vs expansion: spherical 

collapse → virialised objects

Expansion

Virialisation

Gravitational 
collapse

Filaments & walls

Voids

Clusters/multiple 
systems
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Initial density 
perturbations? 

Cf. Lectures from Guilherme Pimentel

Quantum 
fluctuations at 

inflation

Cf. Lecture from Elisabeth Krause (Monday pm)



CMB ANISOTROPIES FROM 90’S TO 2025Three generations of CMB satellites

CMB spectrum & anisotropies ~10o
CMB anisotropies >12' 

CMB anisotropies >5' 
Anisotropies > 2’


ACT & Planck

Also SPT, SO… 



FROM MAPS TO COSMOLOGICAL ANALYSIS
Spherical harmonic decomposition → 

angular power spectrum  
(summary statistics) 

Cosmological information in the CMB 
angular power spectrum 

• Large scales (>few degrees): Plateau → 
initial density perturbations  

• Intermediate scales (~degree): Acoustic 
oscillations → total energy content of the 
Universe  

• Small scales (<degree): Damping → cosmic 
ingredients, cosmological parameters
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Adapted from G. Fabbian
Ensemble of cosmological 

parameters derived using Bayesian 
inference  Theoretical ModelData

Error bars
Planck Collab. ‘18

FROM MAPS TO COSMOLOGICAL ANALYSIS



COSMOLOGICAL SCENARIO
Dark matter: unknown massive 
particles. Needed for gravitational 
lensing and rotation curve of galaxies Hidden baryons

Dark energy: needed for the 
recent accelerated expansion

Stars

Heavy 
elements

• Hot big-bang scenario  
• Existence of initial density perturbations seeding galaxies 

and the large scale structure (nodes, filaments, voids) 
• Growth of perturbations into large-scale structure through 

gravitational instability 
• Determined geometry & composition of the Universe

Blackbody spectrum

Satellite 
COBE

Homogeneous 
& isotropic



WHY DO NE NEED TO GO BEYOND?
• How did the Universe begin? 

• Initial density perturbations seeded by inflationary field → What powered inflation? 
• Scale invariant initial power spectrum → Could it explain primordial BHs? Seeds of 

Super-Massive BH? Are the perturbations non-Gaussian? 

• What is the Universe made of? 
• Energy content of the Universe is made of 26.5% dark matter → What is its nature? 
• … and of 68.3% dark energy → What is it? 

• How did the Universe evolve?  
• What is the thermal energy in the large-scale structure? 
• What is the energy injected by Super-Massive BH? 
• Cosmic start-formation history?

WHAT NEW CMB-RELATED OBSERVABLE ?



MAIN DIRECTIONS FOR CMB

CMB Polarisation 

CMB Cross-correlations with LSS tracers 

CMB Spectral distortions 

… A PERSONAL VIEW



CMB POLARISATION
Result of Thomson scattering of CMB photons by free electrons in the presence of anisotropies 

Radial or tangential 
configurations around hot/
cold spots.

Spiral configurations 
exhibiting (clockwise or counter-
clockwise) handedness

E-mode B-mode

Simulation



CMB POLARISATION SCALAR PERTURBATIONSSCALAR POLARIZATION POWER SPECTRA

• Polarization mostly probing vb at last
scattering

– CE
l peaks at minima of CT

l

• Correlations between T and E

• Additional large-angle polarization from
scattering around reionization

• B-modes are generated at second or-
der, e.g. by lensing (see later)

13

Challinor & Peiris 2009

Density (Scalar) Perturbations: pulling matter creates 
temperature differences (hot/cold spots) that source E-mode 
polarisation  

• E-modes peak at minima of  T (pressure and velocity are out of phase)  
• Probe scalar nature of perturbations 
• Probe baryon velocity at last scattering  
• T and E-modes are spatially correlated 

Gravitational Lensing: distort E-mode photons into secondary 
B-mode

Planck Collab. ‘13



SCALAR POLARIZATION POWER SPECTRA

• Polarization mostly probing vb at last
scattering

– CE
l peaks at minima of CT

l

• Correlations between T and E

• Additional large-angle polarization from
scattering around reionization

• B-modes are generated at second or-
der, e.g. by lensing (see later)

13

SCALAR AND TENSOR POWER SPECTRA (r = 0.2)

19

CMB POLARISATION TENSOR PERTURBATIONS

Challinor & Peiris 2009

Gravitational Waves (Tensor) 
Perturbations: distort and shift 
radiation fields and generate B-
mode & E-mode 

Gravitational waves decay when the 
enter horizon → B-modes dominate 
at large scales 

Cf. Lectures from Guilherme Pimentel



• B-modes : smoking-gun evidence for gravitational waves in the early 
universe 

• Can constraints model and energy scale of inflation

CMB POLARISATION: WHY FOR?
GRAVITATIONAL WAVES IN THE CMB

• Cosmic variance of dominant scalar fluctuations limits �r = 0.07 from T and
�r = 0.02 if include E

– Degeneracies make actual limits worse; WMAP7 alone r < 0.36 (95% CL)
26

28 ✏⌥⇧ �✏�↵⌅��⌅ ⇤��⌦� �⌃�⇤� ⌦�⌅⇧ : ⇥�⌃ ⇥�↵⌃ �↵⌅ ⇥⇧⇣�↵⌅

the production of a stochastic background of gravitational waves with an
amplitude given simply by the Hubble scale H during inflation. Gravi-
tational waves are in fact a symmetric traceless perturbation to the back-
ground metric which are described by two polarization functions which
behave like two light scalar fields h+, h . All the considerations previously
made for scalar perturbation, apply also in this case and the power spectrum
of tensor perturbation can be written as the sum of the power spectrum for
the two polarizations functions since those are uncorrelated

�t(k) = k3PT (k) = k3PT (h+, ) =
2

⇤2

H2

M2
pl k=aH

. (1.71)

Since H is slowly varying during inflation the power spectrum of tensor
perturbation is nearly scale invariant and we can parametrize the deviation
of scale invariant through a spectral index as we did for eq. 1.68.

�2
t (k) ATk

nt nt 2⇥. (1.72)

The tensor fluctuations are often normalized relative to the amplitude of
scalar fluctuations through the so-called tensor to scalar ration r defined as

r
�2
t (k)

�2
s(k)

= 16⇥. (1.73)

Being �2
s fixed and �2

t H2 V(⌅) during inflation, the r parameter is
particularly important since it sets the energy scale for inflation

V1/4
� r

0.01

⇥1/4
1016GeV (1.74)

This prediction means that any measurement of a primordial gravitational
waves signature would give clean information about arguably the most im-
portant inflationary parameter and constrain the physics and distinguish
models of inflation.
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where

fk a⇥⌃ z
a2 ˙̄⌃
a

. (1.65)

Its solution shows that after the horizon crossing (k = aH), if we consider
the density perturbation of the inflaton in terms of comoving curvature per-
turbation, the perturbations in Fourier domain Rk stay constant as long as
they are in the superhorizon regime. This allows us to relate predictions
made at horizon exit, in very high energies regimes, to the observables af-
ter the horizon has grown for sufficiently long time, such that those per-
turbation become subhorizon again and re-entry the causality structure at
lower energies. After horizon re-entry the fluctuations evolve in an oscillat-
ing behavior. Solving eq. 1.64 requires making detailed assumption on the
vacuum state after inflation in order to be able to quantize the field f and
relate the quantum mechanical fluctuation to the energy density fluctuation
(Mukhanov, 2005; Baumann, 2011). Nevertheless as the quantum nature of
perturbations only predicts the statistical properties of fluctuations and not
their exact value in every point of the spacetime, we can fully describe the
properties of the primordial perturbations in terms of the correlation of the
comoving curvature perturbation at two different points in the space x and
y. In the Fourier space this is equivalent to describe the perturbation in
terms of the power spectrum

RkRk PR⇥
�
k k

⇥
(1.66)

where the angle brackets is a quantum expectation value. The assumption
of homogeneity and isotropies implies, on a statistical level, that the power
spectrum only depends on the magnitude of the wave vector, k k . The
explicit formula for the power spectrum of Rk can be evaluated at the hori-
zon cross, right after the freezing of perturbations, and is related to the
shape of the potential in the following way

PR(k) =
1

4k3
H2

⇤ k=aH

(1.67)

or is related to its dimensionless form

�2
s(k) =

k2

2⇧2
PR(k) =

1

8⇧2

H2

⇤M2
pl k=aH

(1.68)

The last equation predicts the shape of the scalar perturbation in the uni-
verse and is one of the most important prediction of inflationary models.
This spectrum becomes exactly scale invariant (independent of k) if H and
⌃̇ are constant in time during inflation. This is approximately true for in-
flationary models, as inflation must come to an end and cannot continue
forever. A deviation from the scale invariant behavior is therefore expected
and can be directly connected to the slow roll parameters i.e. on the shape
of the inflaton. If we reparametrize eq. 1.68 in the following way

�2
s(k) Ask

ns 1 (1.69)

the scalar spectral index ns corresponds to scale invariance if equal to 1 and
it is connected to the slow roll parameters through the consistency relations

ns = 1 6⇤+ 2⌅. (1.70)

So far we have considered only the scalar perturbation derived from the
quantum fluctuation of the inflaton. In addition to scalar perturbation, an-
other robust and model-independent prediction of inflationary theories is
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waves signature would give clean information about arguably the most im-
portant inflationary parameter and constrain the physics and distinguish
models of inflation.

28 ✏⌥⇧ �✏�↵⌅��⌅ ⇤��⌦� �⌃�⇤� ⌦�⌅⇧ : ⇥�⌃ ⇥�↵⌃ �↵⌅ ⇥⇧⇣�↵⌅

the production of a stochastic background of gravitational waves with an
amplitude given simply by the Hubble scale H during inflation. Gravi-
tational waves are in fact a symmetric traceless perturbation to the back-
ground metric which are described by two polarization functions which
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This prediction means that any measurement of a primordial gravitational
waves signature would give clean information about arguably the most im-
portant inflationary parameter and constrain the physics and distinguish
models of inflation.

Credits Anthony Challinor

LARGE-ANGLE POLARIZATION FROM REIONIZATION

• Temperature quadrupole at reionization peaks around k(�re � �⇥) ⇤ 2

– Re-scattering generates polarization on this linear scale ⌅ projects to
l ⇤ 2(�0 � �re)/(�re � �⇥)

– Amplitude of polarization ⇧ optical depth through reionization ⌅ best way to
measure ⇥ with CMB

16

Credits Anthony Challinor

Testing inflation with B-modes Probing reionisation with E-modes

Rescattering erases CMB temp. anisotropies below the horizon 
scale and regenerates them on the horizon scale at that time 

• Change in the normalisation for T and E at small scales 

• Large scale E & B proportional to optical depth 𝛕 

Cf. Lectures from Guilherme Pimentel



CMB T & P ANISOTROPIES (~TODAY)

Aiola+2020
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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.
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CMB IMAGING EXPERIMENTS

Credits Tomotake Matsumura 

Large scales 
all sky

Small scales 
fraction of 

sky



TOWARDS LARGE SCALE POLARISATION

Credits Tomotake Matsumura 



TOWARDS SMALL SCALE POLARISATION
Simons Observatory

Credits Federico Nati 



MAIN DIRECTIONS FOR CMB

CMB Polarisation  
(and initial perturbations) 

CMB Cross-correlations with LSS tracers 

CMB Spectral distortions 



CMB & LARGE SCALE STRUCTURES

Late Universe=Cosmic web of 

nodes, walls, filaments, and voids  

Percival+. ‘07

Baryonic 
acoustic 

oscillations

Planck collab. ‘15
Early Universe 

CMB temperature anisotropies  

Planck collab. ‘15

Sachs-Wolfe 
plateau

Initial 

conditions  

Acoustic 
oscillations


Geometry & matter 
content & baryons 

Silk damping

 Initial conditions & 

reionisation & 
cosmo. param.

Gravity & baryonic 
physics

Time evolution



CMB PHOTONS’ JOURNEY: SECONDARIES 

y(n̂) =

Z
ne

kBTe

mec2
�T ds

Deviations through gravitational 
effect due to presence of gravitational 
potential of structures : CMB lensing

Overall heating through inverse 
Compton du to presence of hot/warm 
gas in structures (clusters, groups…): 
thermal Sunyaev-Zeldovich (tSZ)

No spectral signature & amplitude 
probing the total matter distribution

Specific spectral signature & amplitude 
y probing electron gas pressure 



4 Tanimura et al.

Figure 2. All-sky Compton H parameter maps reconstructed in this paper (top) with the MILCA algorithm and in Planck Collaboration (2016a) (bottom) in
orthographic projections. The North Galactic hemisphere centered at the pole is shown on the left, and the South is on the right. Longitude=0 is shown in white
solid lines and other longitudes and latitudes are shown in white dashed lines. The pixel resolution is chosen to be Nside = 128 for visualization purposes.
Compact bright spots in the maps are clusters of galaxies observed via the tSZ e�ect, whereas compact dark spots are radio sources.

evaluate uncertainties accurately. The trispectrum term is dominant
at low multipoles, as shown in Bolliet et al. (2018); Salvati et al.
(2018).

Figure. 8 is the comparison between the 2020 and 2015 cross-
power spectra. The figure shows that their signal amplitudes are con-
sistent with each other, suggesting that the tSZ signals are extracted
similarly well in both H-maps. It also shows that the uncertainties are
smaller at large scales in the 2020 cross-power spectrum than in the

2015 case. It is possibly due to the combination of several e�ects:
lower noise, reduced survey stripes, and our new window function
that suppresses large scales to reduce the residual foreground emis-
sions, mainly from the Galactic thermal dust emission (see Appendix.
A).

MNRAS 000, 1–12 (2021)

CMB SECONDARIES: TSZ & LENSING
Tanimura+2021, 
Chandran+2024

Planck (2018) 

Carron+(2022)

Planck DR4 
|d | = |∇ϕ |

ACT (~40% sky, 
)κ ∝ ∇2ϕ

Madhavacheril+(2024), Qu+(2023). 

See also Fe, Millea+(2024) for SPT on 1500deg2ACT+PlanckPlanck 2015 MILCA

ACT DR6 higher-resolution map using Planck channel for 
cleaning 

Analysis on 
Planck DR4

Coulton+2024

CMB lensing map



CMB T @SMALL SCALES: SECONDARIES
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 Omori (2023)

& Galaxies

Imprints of late time physics (e.g. lensing, kinetic SZ) & astrophysical emissions (e.g. galaxies) 
all tracing the matter distribution 

Synergies between CMB and other probes of matter (LSS) to 
understand physics/DM interplay 



BARYONIC FEEDBACK AT SMALL SCALES

Small scalesLarge scales
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Secco+ ‘22

Excluded from 
DES y3 to avoid 
baryon bias

Secco+ ‘22

Cf. Lecture from Elisabeth Krause (Tuesday pm)



CMB CROSS-CORRELATIONS
CMB ⊗ LSS tracers (galaxies, shear…) = 

(Tprim+Tlens+T(t+k)SZ+CIB+Galaxy+NoiseCMB) ⊗ LSS tracers

• Beats systematic effects 
• Enhances low-amplitude signals 
• Increases the constraining power of a given data set 
• Mitigates astrophysics while constraining cosmological parameters

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
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TSZ & GALAXY LENSING CORRELATION
• Probe the pressure 

profile in clusters and 
groups 

• Probe the cluster mass 
scaling relation & 
Measure the hydrostatic 
mass bias 

• Constrain the feedback 
processes 

Some of the earliest works based on CFHT-LS galaxy lensing correlation with Planck tSZ map
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Table 1. The 2MRS auto-, Compton-Y auto- and 2MRS and Compton-Y cross-power spectra. The best-fitting models of the contaminating sources are

subtracted from the tSZ auto. The Gaussian and non-Gaussian errors, σG and σNG, are also shown. See section 4 for details.

radius. To convert mass from one definition to another, we use the

fitting formulae of Hu & Kravtsov (2003) assuming the Navarro-

Frenk-White (NFW) density profile (Navarro et al. 1997) and the

mass-concentration relation of Sánchez-Conde & Prada (2014).

Bolliet et al. (2018) reported that the uncertainty in the model

of the mass-concentration relation has non-negligible effects on the

computed tSZ power spectrum through the mass conversion. To

avoid this uncertainty, we use the mass function for M500c, since

the electron pressure profile is parameterized as a function of M500c

and r500c (see Section 3.1.1). On the other hand, the galaxy power

spectrum is modeled as a function of the virial mass, thus the model

parameters related to the galaxy power spectrum depend on the

model of the mass-concentration relation.

3.1 Halo model

To compute the angular power spectrum, we use the halo model
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power spectrum is divided into intra-halo (1-halo) and inter-halo

(2-halo) terms as CAB
l
= CAB,1h

l
+ CAB,2h

l
. The 1-halo term is

defined as

CAB,1h
l

=

∫ zmax

zmin

dz
dV

dzdΩ

∫ Mmax

Mmin

dM
dn

dM
ũA
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where ũA
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(M, z) and ũB
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(M, z) are the 2D Fourier transform of the

projected distribution of observables A and B, respectively. For the

model of the dark matter halo mass function, dn/dM, we use the

Magneticum Pathfinder simulation (Bocquet et al. 2016), with the

parameters for “M500c Hydro” which is for M500c and the baryonic

effects are taken into account. For the mass and redshift range of

integration, we find that 1×1010h−1M⊙ < M500c < 1×1016h−1M⊙

and 1 × 10−5 < z < 6 suffice to get the integral to converge (see

Section 3.2 and Figure 3 later).
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where Plin(k, z) is the linear matter power spectrum computed with

CAMB (Lewis et al. 2000; Howlett et al. 2012), and bA
l

and bB
l

are

the scale dependent bias of the observables A and B, which will be

described in Section 3.1.1 and 3.1.2.

3.1.1 tSZ model

The tSZ term in Eq. (10), ũ
y
l
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where x ≡ r/r500c, l500c ≡ DA/r500c, and DA is the proper angular

diameter distance. The integral is performed between xmin = 1 ×
10−6 and xmax = 6. The radial distribution of Compton-Y, y3D(x),
is written by an electron pressure profile Pe(x) as

y3D(x) =
σT

mec2
Pe(x). (13)

We use (Arnaud et al. 2010)

Pe(x) = 1.65(h/0.7)2 eV cm−3

× E8/3(z)

[
M500c

3 × 1014(0.7/h)M⊙

]2/3+αp

p(x),
(14)

with E(z) ≡ H(z)/H0. The generalized NFW profile, p(x), is defined

by (Nagai et al. 2007b)

p(x) ≡
P0(0.7/h)3/2

(c500x)γ[1 + (c500x)α](β−γ)/α
. (15)

We use the best-fitting parameter values determined by the analysis

of stacked pressure profiles of Planck tSZ clusters: P0 = 6.41,c500 =

1.81, α = 1.33, β = 4.13, and γ = 0.31 (Planck Collaboration et al.

2013).

The parameterαp represents a deviation from the standard self-

similar solution, i.e. αp = 0 for self-similar. Arnaud et al. (2010)

find αp = 0.12 from their X-ray sample.

As already mentioned in Section 1, the mass-pressure relation
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Fig. 5. Measured angular power spectra of KiDS-1000 cosmic shear (bottom left) and the angular cross-power spectra between KiDS-1000 shear
and the tSZ effect (top right). Shown here is the cross-correlation using the MILCA Planck Compton-y map. The grey bands indicate the 68th and
95th percentile of the posterior predictive distribution (PPD) of the joint-analysis posterior. Coloured lines are samples of the translated posterior
distribution (TPD), with the colour corresponding to the baryon feedback strength. Since the TPD is derived from the full joint-posterior, the
baryon feedback strength only accounts for part of the variance of the shown TPD samples.

improved by a factor of 40% over cosmic shear alone and are
in excellent agreement with the KiDS-1000 3⇥ 2pt analysis of
Heymans et al. (2021). This improvement is driven by the break-
ing of the residual degeneracy between S8 and Wm, since S8 does
not optimally capture the direction orthogonal to the s8–Wm de-
generacy for the estimator considered here. Using instead S0.58

8 ,
as in Asgari et al. (2021), which is better constrained than S8
by the pseudo-C` estimator, we find a 15% improvement of the
constraining power of the shear–tSZ + cosmic shear joint analy-
sis over cosmic shear alone.

The joint analysis also strongly tightens the constraints on
Wm and s8. This is to be expected, however, since the cosmic
shear constraints on these parameters are prior-dominated, and

any breaking of the cosmic banana will yield comparatively tight
constraints compared to cosmic shear alone (see e.g. Tröster
et al. 2021, for examples of this effect in the joint analyses of
KiDS-1000 cosmic shear with CMB lensing or super novae).

The shear–tSZ cross-correlation prefers lower values of s8
than those inferred from the CMB by Planck; the discrepancy be-
tween our inferred value of S0.2

8 and that of Planck Collaboration
VI et al. (2020; using the TTTEEE+lowE likelihood) is 2.2s .
This trend is also seen in the recent shear–tSZ cross-correlation
analysis with DES Y3 data (Gatti et al. 2021), although they im-
pose Planck priors on s8 and Wm, making a direct comparison
with the results in this work difficult. The constraints on S8 and
S0.58

8 inferred from the joint analysis are in 3.4s and 2.9s ten-
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numerical values of our results are presented in Table 2. The
overall agreement between all of the measurements, using
different data sets and estimates of the tSZ signals, supports the
robustness of the observational basis of the cosmic tSZ history.
We will provide a physical interpretation of these results in
Section 6.

5.3.4. Interpreting the Mass Bias

Our results, supported by the agreement with previous
measurements presented in the literature, lead to a best-fitting
mass bias parameter B(z)=(1.33±0.13)×(1+z)0.15±0.25

and = -
+B 1.27 0.04

0.05 in scenarios with and without redshift
dependence in B, respectively (Figure 6). This corresponds to
another commonly used parameter 1− b=B−1=0.79±
0.03 for the nonevolving case. Thus, cluster masses determined
by combining Arnaud et al. (2010) and Planck Collaboration
et al. (2013b) using resolved X-ray and tSZ observations
assuming hydrostatic equilibrium are, on average, about 20%
lower than the true masses.

If nonphysical calibration issues are negligible, the excess of
B from unity can be attributed to nonthermal pressure support
in halos. The magnitude of B we found is consistent with that in
cosmological hydrodynamical simulations and analytic predic-
tions of structure formation where halos are additionally
supported by internal bulk motions and turbulence sourced
by hierarchical mass assembly (Dolag et al. 2005; Vazza et al.
2006, 2009, 2016, 2018; Iapichino & Niemeyer 2008; Lau
et al. 2009; Maier et al. 2009; Shaw et al. 2010; Iapichino et al.
2011; Battaglia et al. 2012b; Nelson et al. 2014; Shi &
Komatsu 2014; Shi et al. 2015, 2016; Angelinelli et al. 2020).
This implies that additional kinetic energy injections from
baryonic feedback, mostly from active galactic nucleus
activities, are either small (because, e.g., they are confined in
the small volume of galaxy cluster cores) or largely
thermalized. Our mass bias parameter is roughly consistent
with those found in the Compton y-galaxy cross-correlation
literature (Pandey et al. 2019; Koukoufilippas et al. 2020;
Makiya et al. 2020), but also note that Makiya et al. (2018)
reported a higher value using low-redshift 2MASS galaxies.
The mass bias parameters obtained via combining the primary
CMB and the tSZ autopower spectrum or cluster counts are
somewhat higher at B∼1.6–1.7 (Planck Collaboration et al.
2014c, 2016d; Hurier & Lacasa 2017; Bolliet et al. 2018, 2020;

Osato et al. 2018, 2020; Salvati et al. 2018, 2019). The
discrepancy in the reported mass bias is not highly significant
at face value but could be appreciable, considering the
measurements are not entirely independent as they are based
on part of the same multifrequency data set. The Plancky maps
were used in all aforementioned measurements, while we show
in Figure 5 that these maps are strongly affected by the CIB at
z>1. This could introduce systematics especially for studies
relying heavily on the projected autopower spectrum of
Compton y if the impact of the CIB is not fully taken into
account.
Finally, we point out that, if in the future B can be precisely

estimated, observational constraints on á ñbPe can then become
useful in constraining cosmological parameters; in particular,
the amplitude scales as σ8 (Ωm/B)0.4 h0−0.21, as shown by
Bolliet et al. (2018).

5.3.5. tSZ Sky Monopole

The precision measurement of the sky-averaged, redshift-
integrated monopole Compton y parameter offers a powerful
integral constraint on the thermal history of the universe.
The Far Infrared Absolute Spectrophotometer (FIRAS) on the
Cosmic Background Explorer gave the upper bound on
the monopole y<1.5×10−5 (95%CL; Fixsen et al. 1996).
Theoretical estimates based on halo models and cosmological
hydrodynamic simulations are in the range (1–2)×10−6

(Barbosa et al. 1996; da Silva et al. 2000; Refregier et al.
2000; Nath & Silk 2001; Seljak et al. 2001; Zhang et al. 2004;
Battaglia et al. 2010; Hill et al. 2015; Dolag et al. 2016); thus,
the expected level of the mean y is only one order of magnitude
smaller than the FIRAS upper bound.
It is possible to improve upon the FIRAS limit by several

orders of magnitude with future spectral distortion experiments
based on technology already available (Kogut et al. 2011; André
et al. 2014; Chluba et al. 2019). While an absolutely calibrated
spectrometer is needed to directly measure the monopole
Compton y, one can use the anisotropies of y to constrain its
correlated component with the large-scale structure. Khatri &
Sunyaev (2015) reported a limit of monopole y<2.2×10−6

(95%CL) from the probability density function of Planckʼs
Compton y maps, but the unconstrained map zero-points
(because Planck is not an absolutely calibrated experiment)
make the interpretation ambiguous. In our analysis, we can avoid

Figure 7. Halo bias-weighted mean electron pressure of gas in the universe as a function of redshift. Black and blue data points/limits and the red bands show our
measurements and halo-model fit corresponding to those of the same symbols in Figure 5. Magenta, yellow, and cyan data points show previous measurements
presented in the literature (Vikram et al. 2017; Pandey et al. 2019; Koukoufilippas et al. 2020). All of the data points, limits, and model fit are in agreement within the
uncertainties.
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Probe the physics of the hot gas in baryons in redshift bins (tomographically)
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Figure 3. Redshift (Left) and mass (Right) distributions of the 2MRS auto- (Top), the tSZ auto- (Middle) and the 2MRS-tSZ cross power spectrum (Bottom)

at multipoles of l =10, 100 and 1000.

Since we apply different masks to the 2MRS map and tSZ

map, fsky differs depending on the combinations of observables.

As already mentioned in Section 2, fsky becomes f
gg
sky
= 0.877 for

the 2MRS auto and f
yy
sky
= 0.494 for the tSZ auto. We approximate

a fsky of the cross power spectrum as f
gy
sky
=

√
f

gg
sky

f
yy
sky

following

Page et al. (2007). We also assume that fsky of the cross covariance

is written in the same way, i.e., f
gg,gy
sky

=

√
f

gg
sky

f
gy
sky

.

The estimated cross-correlation coefficient matrix is shown

in Figure 5. As already pointed out by the previous work (e.g,

Komatsu & Seljak 2002; Bolliet et al. 2018), different multipole

bins of the tSZ power spectrum are strongly correlated. The co-

variance of the 2MRS auto and the 2MRS–tSZ cross also shows

strong mode coupling. It may be due to nearby massive clusters,

which add a power at all multipole ranges (see Ando et al. 2018 for

more details).

We also estimate the covariance matrix by using the Jackknife

technique and obtain roughly consistent results with the covariance

presented above. See Appendix B for more details.

4.2 Parameter fitting

To compute the posterior probability distribution of the model pa-

rameters ϑ given the data set d, P(ϑ |d), we use Bayes’ theorem:

P(ϑ |d) ∝ P(ϑ)L(d |ϑ), (31)

where L(d |ϑ) is the likelihood of the data given a model with ϑ.

For the cosmological parameters, we consider a multivariate Gaus-

sian prior taking into account the constraints from the Planck CMB

observations, as described in detail below. For the other parame-

ters, we assume flat priors, i.e., P(ϑ) = constant within the range

presented in Table 3 and P(ϑ) = 0 otherwise. In order to explore

the parameter space efficiently, we use the Markov-Chain Monte

Carlo (MCMC) technique. To this end we use the CosmoMC package

(Lewis & Bridle 2002).

There are several free parameters in our model. For the galaxy

term, the HOD parameters M0, M1 and αg, and the parameters

for the radial distribution of satellite galaxies, rs,g and rmax,g, are

treated as free. For the tSZ term, the mass bias B, its redshift evolu-

tion parameter ρ, and the index of the mass-pressure relation αp are

MNRAS 000, 1–14 (2017)
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Figure 3. Redshift (Left) and mass (Right) distributions of the 2MRS auto- (Top), the tSZ auto- (Middle) and the 2MRS-tSZ cross power spectrum (Bottom)

at multipoles of l =10, 100 and 1000.

Since we apply different masks to the 2MRS map and tSZ

map, fsky differs depending on the combinations of observables.

As already mentioned in Section 2, fsky becomes f
gg
sky
= 0.877 for

the 2MRS auto and f
yy
sky
= 0.494 for the tSZ auto. We approximate

a fsky of the cross power spectrum as f
gy
sky
=

√
f

gg
sky

f
yy
sky

following

Page et al. (2007). We also assume that fsky of the cross covariance

is written in the same way, i.e., f
gg,gy
sky

=

√
f

gg
sky

f
gy
sky

.

The estimated cross-correlation coefficient matrix is shown

in Figure 5. As already pointed out by the previous work (e.g,

Komatsu & Seljak 2002; Bolliet et al. 2018), different multipole

bins of the tSZ power spectrum are strongly correlated. The co-

variance of the 2MRS auto and the 2MRS–tSZ cross also shows

strong mode coupling. It may be due to nearby massive clusters,

which add a power at all multipole ranges (see Ando et al. 2018 for

more details).

We also estimate the covariance matrix by using the Jackknife

technique and obtain roughly consistent results with the covariance

presented above. See Appendix B for more details.

4.2 Parameter fitting

To compute the posterior probability distribution of the model pa-

rameters ϑ given the data set d, P(ϑ |d), we use Bayes’ theorem:

P(ϑ |d) ∝ P(ϑ)L(d |ϑ), (31)

where L(d |ϑ) is the likelihood of the data given a model with ϑ.

For the cosmological parameters, we consider a multivariate Gaus-

sian prior taking into account the constraints from the Planck CMB

observations, as described in detail below. For the other parame-

ters, we assume flat priors, i.e., P(ϑ) = constant within the range

presented in Table 3 and P(ϑ) = 0 otherwise. In order to explore

the parameter space efficiently, we use the Markov-Chain Monte

Carlo (MCMC) technique. To this end we use the CosmoMC package

(Lewis & Bridle 2002).

There are several free parameters in our model. For the galaxy

term, the HOD parameters M0, M1 and αg, and the parameters

for the radial distribution of satellite galaxies, rs,g and rmax,g, are

treated as free. For the tSZ term, the mass bias B, its redshift evolu-

tion parameter ρ, and the index of the mass-pressure relation αp are

MNRAS 000, 1–14 (2017)
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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.

DG ≈ (Cκg
ℓ )2/Cgg

ℓ ≈ ̂θ ∈ {Cκg
ℓ , Cgg

ℓ }
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Figure 21. A comparison of our results with recent tomographic structure growth measurements
obtained from cross-correlations of CMB lensing and galaxy positions. In blue we show the results
obtained from the blue and green unWISE samples (correlated with PR4 and DR6) [62], while in
orange we show the results obtained from the lowest two redshift bins of the Quaia quasar sample
(correlated with PR4) [61]. Following §7.4 we estimate 9, 13 and 28% correlations between the z1�z2,
z2 � z3 and z3 � z4 amplitude measurements respectively.

0.7 0.8 0.9
S8

Planck PR4 + ACT DR6 �, DESI LRGs
Planck PR3 �, DESI LRGs
Planck PR4 �, DESI LRGs

ACT DR6 �, DESI LRGs
Planck PR4 + ACT DR6 �, unWISE

Planck PR4 �, Quaia quasars
Planck PR3 �, BOSS (+ full-shape and BAO)

ACT DR4 �, DES-Y3 MagLim
2⇥2 point: Planck PR3 + SPT �, DES-Y3
5⇥2 point: Planck PR3 + SPT �, DES-Y3
6⇥2 point: Planck PR3 + SPT �, DES-Y3

6⇥2 point: Planck PR3 �, DES-Y1
DES-Y3

KiDS-1000
HSC (Fourier)

HSC (Real)
Planck PR3
Planck PR4

ACT DR6
Planck PR4 + ACT DR6

SPTpol
Planck PR3
Planck PR4

ACT DR4 + WMAP
SPTpol

0.7 0.8
�8

This work
(C�g

� , Cgg
� )

CMB lensing and
galaxy positions
(C�g

� , Cgg
� or Pgg)

CMB lensing,
galaxy positions
and galaxy lensing

Galaxy lensing

CMB lensing (C��
� )

Primary CMB

Figure 22. A compilation of S8 and �8 constraints from cross-correlations of galaxy positions
and CMB lensing (purple and blue); cross-correlations of CMB lensing with galaxy lensing and their
positions (orange); galaxy lensing (green); the CMB lensing power spectrum (red) and the primary
CMB (black). We di↵erentiate “early” and “late” time measurements with the black dashed line.
Constraints derived from this work are shown in purple, with the purple band representing the ±1�

contour of our fiducial PR4+DR6 analysis. See the text in §8 for a detailed discussion.

– 40 –

0.0 0.5 1.0 1.5 2.0
z

0.3

0.4

0.5

0.6

0.7

0.8

S
8(

z)

Planck 2018

PR4 (Tristram et al. 2023)

This work (joint z1 � z4)

This work (individual zi)

Farren et al. 2023

Piccirilli et al. 2024

0.0 0.5 1.0 1.5 2.0
z

0.3

0.4

0.5

0.6

0.7

0.8

�
8(

z)

Figure 21. A comparison of our results with recent tomographic structure growth measurements
obtained from cross-correlations of CMB lensing and galaxy positions. In blue we show the results
obtained from the blue and green unWISE samples (correlated with PR4 and DR6) [62], while in
orange we show the results obtained from the lowest two redshift bins of the Quaia quasar sample
(correlated with PR4) [61]. Following §7.4 we estimate 9, 13 and 28% correlations between the z1�z2,
z2 � z3 and z3 � z4 amplitude measurements respectively.

0.7 0.8 0.9
S8

Planck PR4 + ACT DR6 �, DESI LRGs
Planck PR3 �, DESI LRGs
Planck PR4 �, DESI LRGs

ACT DR6 �, DESI LRGs
Planck PR4 + ACT DR6 �, unWISE

Planck PR4 �, Quaia quasars
Planck PR3 �, BOSS (+ full-shape and BAO)

ACT DR4 �, DES-Y3 MagLim
2⇥2 point: Planck PR3 + SPT �, DES-Y3
5⇥2 point: Planck PR3 + SPT �, DES-Y3
6⇥2 point: Planck PR3 + SPT �, DES-Y3

6⇥2 point: Planck PR3 �, DES-Y1
DES-Y3

KiDS-1000
HSC (Fourier)

HSC (Real)
Planck PR3
Planck PR4

ACT DR6
Planck PR4 + ACT DR6

SPTpol
Planck PR3
Planck PR4

ACT DR4 + WMAP
SPTpol

0.7 0.8
�8

This work
(C�g

� , Cgg
� )

CMB lensing and
galaxy positions
(C�g

� , Cgg
� or Pgg)

CMB lensing,
galaxy positions
and galaxy lensing

Galaxy lensing

CMB lensing (C��
� )

Primary CMB

Figure 22. A compilation of S8 and �8 constraints from cross-correlations of galaxy positions
and CMB lensing (purple and blue); cross-correlations of CMB lensing with galaxy lensing and their
positions (orange); galaxy lensing (green); the CMB lensing power spectrum (red) and the primary
CMB (black). We di↵erentiate “early” and “late” time measurements with the black dashed line.
Constraints derived from this work are shown in purple, with the purple band representing the ±1�

contour of our fiducial PR4+DR6 analysis. See the text in §8 for a detailed discussion.

– 40 –

Sailer+ ’24

DESI Legacy LRGs calibrated with spectroscopy data x ACT DR6



CMB-LENSING & GALAXIES CORRELATION

From the earliest 3𝛔 detections and proof of concepts 

See also Hand+ ’13, Hand+ ’15,  Kirk+ ‘15

To constraints of the growth function and 
cosmological parameters 

unWISE x ACT DR6 3⇥2pt cosmology 15

Figure 6. Within the �8-⌦m plane one can see that our
results show no significant tension with any one galaxy weak
lensing survey. The 3x2pt contour in black shows significant
overlap with the contours from DES, KiDS and HSC (blue
tones). There is also overlap with the posterior from the
cross-correlation between ACT DR6 and Planck PR4 CMB
lensing reconstructions and DESI LRG targets (in red).

the constraints from the two cross-correlations and the
CMB lensing auto-correlation, each analysed jointly
with BAO. The redshift kernels shown at the bottom of
the top panel give an indication of the redshift sensitiv-
ity of the samples given by the fractional contribution to
the signal-to-noise, d log SNR/dz. The computation of
d log SNR/dz includes an approximate marginalisation
over galaxy nuisance parameters, achieved by linearising
the model for Cgg

` and C
g
` in small fluctuations around

the best-fit linear bias and shot noise and propagating
the uncertainty in these parameters to the covariance
matrix.
We adopt the median of the redshift sensitivity kernel

to represent the e↵ective redshift of each of the three
measurements and compute �8(z) as �8(z = 0)D(z),
where D(z) is the linear growth function which is pri-
marily dependent on ⌦m. These results are also sum-
marised in Table 2. We find excellent agreement with
the growth of structures predicted by the ⇤CDM model
fit to the primary CMB from Planck (grey band in
Fig. 8).
However, as can be easily seen from Fig. 8, the three

samples have significant redshift overlap. In particular,
while the median redshift of the measurement from the
lensing auto-spectrum is zMed ' 3.5 it receives signif-
icant contributions from lower redshifts where we also
have information from the cross-correlation measure-
ments. To optimally combine the available information
we explore a reconstruction of the growth of (linear) per-

Figure 7. A comparison with various estimates of the Hub-
ble constant. We include measurements dependent on the
sound horizon (on light purple background) from the pri-
mary CMB (in magenta), the three dimensional clustering
of galaxies (in gold), and our own work in combination with
BAO (first black data point). On a light blue background we
contrast these measurements with several sound horizon in-
dependent measurements from this work (in black), from the
analysis of the CMB lensing power spectrum (in green; note
that these are included in the 3x2pt results from this work),
from the CMB lensing cross-correlation analysis (in red; this
measurement is also part of our 3x2pt analysis), and from
the clustering of BOSS galaxies with explicit marginalisation
over the sound horizon scale. Finally, on a light orange back-
ground we show several results from local measurements of
H0 using Cepheid-, TRGB-, or JAGB-calibrated supernovae,
and two strong-lensing time-delay measurements using dif-
ferent lensing mass profiles.
⇤ Denotes data sets included in our 3x2pt analysis.

turbations with redshift through a parametric form of
�8(z) which we constrain jointly with all three samples
taking into account their overlap. With this method
we are able to use the cross-correlation measurements
to constrain the low redshift contribution to the lens-
ing auto-spectrum and extract information on the inte-
grated growth of structure at high redshifts, above the

two galaxy samples (z & 2.4). Due to the broad redshift
kernels of our data sets we cannot constrain the growth
of perturbations with arbitrary resolution. Instead we
adopt the following simple parametrisation similar to
Abbott et al. (2023b): We rescale the linear power spec-

unWISE x ACT DR6 3⇥2pt cosmology 21

Figure 12. Using a combination of our low redshift lens-
ing data with primary CMB anisotropies we place tight con-
straints on spatial curvature, showing good consistency with
a spatially flat universe. We compare our results to curvature
constraints from the primary CMB only, which show a weak
preference for a closed universe. When combining primary
CMB observations with BAO this preference also disappears
and one obtains tight constraints on ⌦k centred on zero.

is assumed to be a cosmological constant, ⇤, equivalent
to a cosmological fluid with equation of state w = �1.
First, we consider allowing w to take on values di↵erent
from �1 but remain constant in time. Our data alone is
only very weakly sensitive to w and the e↵ect is largely
degenerate with other parameters. However, when com-
bining the 3x2pt data set with the primary CMB from
Planck we find

w = �1.53+0.20
�0.31 (3x2pt + CMB) (46)

with large uncertainties but consistent with w = �1
at ⇠2�. This is not competitive with the constraint
obtained using all external data sets considered in this
work (CMB + BAO + SN) which yields w = �0.979±
0.026. Adding the 3x2pt data improves constraints only
very marginally by ⇠4% to

w = �0.982±0.024 (3x2pt+CMB+BAO+SN). (47)

Without supernovae data we find

w = �1.027+0.050
�0.043 (3x2pt + CMB+ BAO) (48)

compared to w = �1.022+0.053
�0.048 from CMB and BAO

without our 3x2pt data (a ⇠7% improvement). These
constraints are shown in Fig. 13.

Figure 13. The figure shows constraints on the dark en-
ergy equation of state, w, and the matter density, ⌦m, in
a wCDM model. While combining just our 3x2pt data set
with primary CMB data is not competitive with CMB +
BAO + SN constraints, adding the 3x2pt data to the latter
achieves a marginal, 4%, improvement in constraining power
(w = �0.982± 0.025).

We also consider a phenomenological parameterisation
of an evolving dark energy equation of state. As in Ab-
bott et al. (2023b) we adopt the CPL model (Chevallier
& Polarski 2001; Linder 2003):

w(a) = w0 + (1� a)wa (49)

where a = 1/(1 + z) is the scale factor and both w0

and wa are free parameters. This commonly considered
parametrisation has been shown to provide a good fit to
several physically motivated dark energy models (Linder
2003).
Our constraints on w0 and wa are shown in Fig. 14.

When using only 3x2pt data and the primary CMB w0

and wa are so significantly degenerate that we are unable
to provide meaningful constraints. However, in combi-
nation with BAO and SN we find

w0 =� 0.881± 0.060

wa =� 0.43+0.25
�0.22

)
( 3x2pt + CMB + BAO + SN)

(50)
only a very minor ⇠5% and ⇠9% improvement on w0

and wa respectively over constraints from CMB, BAO
and SN alone. Removing the supernovae data yields

w0 =� 0.56± 0.24

wa =� 1.27± 0.66

)
( 3x2pt + CMB + BAO) (51)

Farren+ '24



CMB-LENSING & GALAXIES CORRELATION

Bianchini & Reichardt ’18

From the earliest 3𝛔 detections and proof of concepts 

See also Hand+ ’13, Hand+ ’15,  Kirk+ ‘15

To constraints of the growth function and 
cosmological parameters 

Sailer+ ’24

DESI Legacy LRGs calibrated with spectroscopy data x ACT DR6

Farren+ '24
Euclid consortium: Ilic+ 2022)

Euclid forecast → X-correlation improves 
~3x on standard & extended model 
cosmological models  + Constrains the 
biais model, i.e. baryonic physics



TOWARDS CMB SMALLEST SCALES
Euclid early release data Rubin 1st wide image



TOWARDS CMB SMALLEST SCALES

Credits Federico Nati 

T H E  S U R V E Y

What is CMB-HD?

CMB-HD  ·  Cosmic Rhythms  ·  CBPF, Rio de Janeiro  ·  September 2026 4

15″
angular resolu�on at 150 GHz

≈ 6× 1ner than Simons Observatory

0.5 µK-arcmin
combined temperature noise

≈ 6× deeper than Simons Observatory

2 × 30 m
new telescopes in the Atacama

seven bands, ~30–350 GHz

Half the sky  ·  7.5-year survey  ·  two oF-axis 30-m-class telescopes in Chile  ·  no South Pole component.

CMB-HD is not itself a primordial-B-mode experiment — but it delenses the CMB to A
lens

 ≈ 0.1 over half the sky, so it can be paired 

with any small-aperture program targe�ng r.

Concept developed through Astro2020 and Snowmass 2021 (CMB-HD Collabora�on white papers arXiv:1906.10134, 2002.12714, 2203.05728). Over 300 publica�ons 
discuss CMB-HD science capabili�es, and about 40 of those develop novel forecasts beyond the white papers. Open collabora�on, 70+ members.

Credits N. Sehgal 
S C I E N C E  C A S E  3  ·  D A R K  M A T T E R

The maIer power spectrum down to sub-galac�c scales

CMB-HD  ·  Cosmic Rhythms  ·  CBPF, Rio de Janeiro  ·  September 2026 9

•   CMB lensing measures P
m

(k) directly — no assump�on about 

how light traces mass

•   CMB-HD extends lensing to k ~ 30 Mpc⁻¹, i.e. halo mass scales 

down to ~10⁸ M
☉

, over half the sky so sample variance is not the 

limit

•   Percent-level precision through the mildly nonlinear regime; 

complements Ly-α, the UV luminosity func�on and cosmic shear 

with genuinely independent systema�cs

•   Directly tests small-scale power suppression or enhancement 

from warm, fuzzy or interac�ng dark ma/er

Cheslog et al. (2026);  MacInnis & Sehgal, arXiv:2405.12220, JCAP 2025

Cheslog+ ’26, MacInnis & Sehgal ‘25

S C I E N C E  C A S E  3  ·  D A R K  M A T T E R

Cosmology, baryons and dark maIer, simultaneously

CMB-HD  ·  Cosmic Rhythms  ·  CBPF, Rio de Janeiro  ·  September 2026 10

•   Combine CMB-HD lensing, kSZ and the primordial CMB in 

a single likelihood

•   Baryonic physics, log₁₀(T
AGN

), and a two-parameter kSZ 

model are marginalized over alongside cosmology

•   Dark-ma/er proper�es (here a 1 keV warm-dark-ma/er 

mass) constrained in the same 8t

•   Small-scale lensing informa�on survives marginaliza�on 

over feedback and kSZ parameters.

MacInnis & Sehgal, arXiv:2405.12220, JCAP 2025

MacInnis & Sehgal ‘25 Sub-galactic scales

Joint Astrophysics & cosmo 
constraints



MAIN DIRECTIONS FOR CMB

CMB Polarisation  
(and initial perturbations) 

CMB Cross-correlations with LSS tracers  
(and baryonic physics & feedback)   

CMB Spectral distortions 
(How black is the blackbody? What can we learn from it?) 



BB atBB at

Blackbody at

CMB SPECTRAL DISTORTIONS
During cosmic evolution energy or photon injection/extraction by physical process 
modifies the CMB BB spectrum, if thermalisation via energy redistribution or photon 

creation/destruction is not possible

<1yr — z ≳ 106 
Temperature-shift

1yr to 100 yrs — 5 × 104 ≲ z ≲ 106 
µ-distortion = chemical potential 

380,000 yrs — z ≲ 5 × 104 
y-distortion = Inverse Compton

Adapted from B. Cyr

Inverse



FUTURE FORESEEN CAPABILITIES: FOSSIL 

Credits Xavier Coulon PhD 2026, Aghanim+ ‘26

Modeling foregroungs & signals & instrument 
characteristics 

Three target measurements: 
• Monopole y distortion 3 orders magnitude 

better than FIRAS → σ(y) ~5 x 10-9 
• First measure of average electron temperature 

down to kTeSZ ≃ 1.3 keV at tens σ 
• µ distortions hundreds of times better than 

FIRAS → σ(µ) ~1.5 x 10-8 to ~5 x 10-9

Compared with COBE/FIRAS 
• 10 times better in angular resolution 
• ~1000 better in sensitivity 



DISTORTIONS FROM EARLY UNIVERSE
● Primordial power spectrum at small scales → Open a unique window  
● Challenge the single-field slow-roll inflation → departure from predicted µ? 
● Origin of super-massive BHs → Test of primordial BHs as SMBH seeds

Aghanim+ ’26, Cyr+ ‘26

35

Dissipation of small-scale 
perturbations → energy 

injection → distortion of 
CMB spectrum for single-

field inflation scale-invariant 
initial perturbations µ ~ 2. 10-8    



DISTORTIONS FROM BARYON PHYSICS
Probing thermodynamics of the Universe 

• Collapse of baryons in the potential wells of 
cosmic web (clusters, filaments) → 
Gravitational heating 

• Feedback from galaxies supernova (SN) 
and SMBH-powered AGN → Energy 
injection 

After z<103, Thermalisation is totally 
inefficient → predicted distortions the in 
CMB spectrum y ~ 2. 10-6    

D
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r 
X-
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y 
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AGN feedback 

alone 

SuperNova feedback 

alone 

Gravitational heating 

Villaescusa-Navarro+ ‘21

36



DISTORTIONS FROM BARYON PHYSICS
Probing thermodynamics of the Universe 

● Non-relativistic y signal traces the pressure of 
ionised gas  

• Complete census of hot baryons  
• Probe of the thermodynamic state of 

ionised gas across cosmic time.  
● Relativistic y signal traces the electron 

temperature 
• Measure temperature down to Te ≃1.3 keV  
• Put stringent constraints on total energy 

injected by SuperMassive BHs  
• Isolate feedback models among the range 

of possible models allowed by current 
observations  

Aghanim+ ’26, Credits G. Fabbian



DISTORTIONS FROM DARK MATTER 

Via imprints on the CMB spectrum of DM decay and 
annihilation or scattering with standard model (SM) 
particles  

• Scattering of DM with photons, electrons, nuclei 
acts as a heat sink for the photon–baryon plasma → 
negative µ distortion  

• Probe DM masses up to ∼ 1 GeV 
• Constrain models of the thermal decoupling of 

DM with the plasma  
• Discrimination among scattering models 

Probing the nature of dark matter 

FOSSIL

FOSSIL

Ali-Haimoud ‘21



FOSSIL MISSION PROPOSED AS ESA M8

Aghanim+ ‘26

• Full sky coverage from L2 
• Duration 4 yrs 
• 50 to 2000 GHz 
• Δ𝛎=15 GHz → 130 frequency bands 
• Split @~300 GHz 

2 spectral bands 
• 2 primary telescopes: ~40cm 
• Spatial Resolution  
◦ ~1.6 deg equivalent Gaussian 

beam 

• FTS with  
◦ 2 inputs  
◦ 2 outputs → 4 focal plane units  

• Instrument & telescopes cooled at 
~4.5 K 

• Focal planes cooled @50mK

FTS fOr CMB Spectral diStortIon expLoration PI. N. Aghanim

39

Credits Morgane Loquet Le Gall



MAIN DIRECTIONS FOR CMB

CMB Polarisation  
(and initial perturbations) 

CMB Cross-correlations with LSS tracers  
(and baryonic physics & feedback)   

CMB Spectral distortions 
(Initial perturbations, baryonic physics, DM nature) 

… A PERSONAL VIEW



CMB LANDSCAPE & POSSIBLE PROSPECTS 

Adapted from adaptation of N. Seghal

C O N T E X T

The ground-based CMB landscape

CMB-HD  ·  Cosmic Rhythms  ·  CBPF, Rio de Janeiro  ·  September 2026 2

•   ACT and SPT have 8nished or are 8nishing; Planck is 

long done. Together with them, current data set the 

ΛCDM baseline.

•   The Simons Observatory is observing now, and the 

South Pole Observatory follows later this decade — 

arcminute resolu�on, few-µK-arcmin depth.

•   CMB-S4 as planned is no longer moving forward, 

which leaves the next decade open.

•   CMB-HD is the high-resolu�on concept designed for 

the era a?er SO — not an incremental step in depth, but 

a change in the accessible angular scales.

Timeline adapted from the Snowmass 2021 CF6 summary report (arXiv:2209.08654), with Advanced SO added.

FOSSIL.

? ? ? ? ?    ? ? ? ? 
☓ ☓ ☓ ☓ ☓ ☓ ☓ ☓ ☓ ☓ 

☓ ☓ ☓ ☓ ☓ ☓ ☓ ☓ ☓ ☓ 

LiteBIRD.
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T & P
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Distor.
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Thank you 
Obrigada


