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The Planck satellite

Planck Collaboration 2020

Planck Collaboration 
2018

The model that 
best describes our 
universe is still 
ΛCDM



Initial conditions
Scalars: described by two variables: 
amplitude and slope of power spectrum

Planck Collaboration 2018 X, and IX

• No departure from power law  
dn/dlnk = −0.005 ± 0.007, Planck 

• No departure from adiabatic  
Variance in CMB < 2%, Planck

• No departure from Gaussian  
fNL-Local= -1 ± 5, Planck

—> compatible with single-field inflation
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Initial conditions

Tensors: no sign yet of gravitational 
waves from ~1016 GeV scales, with 
rapidly improving limits  

r = PT/PS < 0.036 (95% CL)  
   BICEP/Keck 2021
(<0.056 Planck PR4 Tristram et al)

BICEP/Keck Collaboration 2021



Ingredients & geometry

Described by three variables: density in baryons, 
dark matter and cosmological constant.
Also includes: photons, 3 light neutrino species

• No sign of extra light particles Neff = 3.0 ± 0.2, Planck

• No non-zero neutrino mass Σmν <0.13 eV (95%) 
Planck+BAO

• No departure from flatness  
ΩK = 0.001 ± 0.002, Planck+BAO,  Alam et al 2021

• No departure from cosmological constant  
w0 = −0.98 ± 0.03, SN+Planck, Pantheon+ Brout et al 
2022

WMAP

Fig from WMAP, updated with Planck estimates

68.5%
5%

26.5%

13.8



Also SPT-3G in Dutcher et al 2021

From Choi et al 2020
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Consistent story without Planck, and even without primary CMB

Ingredients & geometry

KiDS, van den Busch et al 2022

Planck

KiDS 
HSC 
DES

66 68 70 72 74

H0 [km/s/Mpc]

Planck TT/TE/EE + CMB Lens. (2018)

ACT DR4 + WMAP9 TT/TE/EE (2021)

SPT-3G TE/EE (2021)

eBOSS/BOSS BAO + BBN (2020)

SH0ES calibration of SNIa (2022)

TRGB calibration of SNIa (2021)

Indirect
(assuming §CDM)

Direct

Curiosity 1: expected local expansion rate, H0, 
is 5σ lower than Cepheid-derived estimate 
(Riess et al 2022)

From Colin Hill

Curiosity 2: expected amplitude of clustering of 
matter is 2-3σ higher than gravitationally lensed 
galaxies estimate



• If these differences persist, what part of ΛCDM is wrong? 

• What physics describes the initial expansion of space (~1016 GeV)?
Did inflation happen and how, and what about other scenarios?

• What is the physics of the dark sector?
Are there new light relics/dark radiation? 
What are the masses of the neutrino particles; do they behave as expected?

• How did galaxies form and evolve?
Where is the gas? What role does feedback play?

• How did the universe reionize?
How long did the process take, and when?

Many of these use CMB secondaries: lensing, thermal and kinematic SZ effects



Early universe: primary spectrum and spectral distortions

E-modes: CMB polarization tracks 
velocity of photon-baryon plasma.

B-modes: gravitational waves generate 
both E/B types.

SO Collaboration 2020

ACT Collaboration



Continued search for tensor fluctuations

Now σ(r)~0.01, many inflationary models are ruled out; leaving various models with r>0.01.  
Other non-inflation models don’t predict observable tensors (Ijjas & Steinhardt 2019).

Current projects targeting σ(r) ~ 0.002-0.004
Future projects target σ(r)  ~ 0.0005

Kamionkowski & Kovetz 2015

(And see Anthony Challinor’s talk)

r=0.1

r=0.01

r=0.001



Simons Observatory CollaboraHon 2018

Continued characterization of scalar fluctuations

Power-law behavior can be pushed to 
smaller scales with anisotropy, but bigger 
lever arm with spectral distortions  
(see Aditya Rotti’s talk)

Chluba et al 2019

Higher-resolution anisotropy measurements can 
better constrain non-Gaussianity (local and other 
shapes, e.g. SO Collaboration 2018)

From Will Coulton, Adri Duivenvoorden



Searching for light 
relics/dark radiation

Simons Observatory

ACT/SPT (2σ)              

Current (2σ)

From CMB-S4 Science Book,  
+ACT/SPT/SO forecasts

The earlier a particle froze-out, the 
smaller a contribution it makes to the 
radiation density.

E-modes can also be used to search for 
models that could increase H0 (e.g Early 
Dark Energy, self-interacting neutrinos, 
other dark radiation models)

Forecast errors for 
Stage-3-type

(And see Massimiliano Lattanzi’s talk)



2eV neutrino mass Zero neutrino mass

Lower contrast in high-neutrino-mass universe.
Need to measure total amount of dark matter, and suppression of growth due to neutrinos

Agarwal & Feldman 2010. Also e.g. Liu et al 2018 MassiveNuS, Angulo et al 2021 BACCO 

From CMB lensing and cluster counts: mass of neutrinos
Part of the web of dark matter is made of neutrinos; fraction scales with neutrino mass sum.  
Must be at least 0.5% of total dark matter from oscillation expts (current limits are <2%)

(see Jia Liu’s talk)



Less pronounced features in CMB lensing —> higher neutrino 
mass sum. Combined with SDSS galaxy positions gives current 
limit: 
        Σmν < 0.13 eV (95% CL, Planck + eBOSS)

Future CMB+DESI: σ=0.03 eV (0.015eV with CV-limited τ).

and U Stokes vectors. We will combine these cross-spectra with the shear power spectra, C
��
` and

the cluster number counts, Ncl, binned in Compton-Y and redshift, to form the data vector, as in
Fig 6. This formalism can be extended to include optical and X-ray selected clusters, as in [56].
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FIG. 2: Joint correlation matrix of tSZ cluster number counts, cosmic shear and the cross-correlation between
cluster overdensity and cosmic shear obtained in this analysis.

observables. Comparing our fiducial constraints to those
obtained from the Planck CMB prior alone, we find sig-
nificant improvements in the constraints on H0, As, w0

and wa, with the dark energy figure of merit increasing
by a factor of approximately 1400. Looking at the mass
calibration parameters, we find a ⇠ 3% constraint on
the amplitude of the Y � M relation, Y�. Comparing
this constraint to existing measurements is complicated
by the fact that the respective analyses significantly dif-
fer in both methodology and constrained parameter set.

We note however that this constraint constitutes a sig-
nificant improvement compared to current constraints,
which are at the level of 17% (see e.g. Ref. [6]). These
results are especially remarkable, as the cosmological con-
straints are fully and self-consistently marginalized over
uncertainties in the tSZ Y �M -relation and cosmic shear
measurement systematics and are derived accounting for
the full non-Gaussian covariance between cluster number
counts and the various cosmic shear observables. Simi-
larly, the constraints on mass calibration shown in Fig. 4

Background galaxies are 
tangentially sheared by cluster

γ  - shear(z)        Nc - number of clusters (Y, z)
δc - cluster overdensity (Y, z)

Figure 6: (Left) Cartoon illustrating how galaxies are sheared around clusters via gravitational
lensing. (Right) Example covariance matrix for forecast data [45], between galaxy shear spectra, ��,
cross-spectra between shear and cluster overdensity, ��, and cluster counts, Nc. Each component
is binned in redshift and/or observed Compton-Y parameter. The �� and CMB TE spectra are
equivalent computationally; we use common pseudo-C` methods for both.

3.2.3 Scaling relation model and likelihood

As in [37, 46], and similar to [14], we will use a parameterized model to relate the Compton-Y
parameter measured from the clusters to their mass. Here, the scaling relation, Y = f(M, z), be-
tween the mean Compton-Y and the associated cluster mass and redshift, has up to four parameters
describing the amplitude, its mass-dependent exponent and possible running of the exponent, and
a redshift-dependent scaling. Up to three further parameters describe the scatter of the true tSZ
signals about their mean for a given mass and redshift, with an amplitude and mass-dependent
and redshift-dependent scaling parameters [8, 37]. The relation may be su�ciently described by a
subset of these seven parameters, even if the true behavior is more complex.

In our proposed work we will extend the shear likelihood for DES (either using DES products
or recomputing them as in [46]) to include these additional tSZ cluster observables, allowing the
scaling relation parameters to vary when estimating cosmological parameters, as well as exploring
how many are required given the current data. We will use an existing halo model code [36, 54, 45]
to model the observables and their non-Gaussian covariance. By switching o↵ pieces of the data
vector, we can determine how much cosmological constraining power comes from cosmic shear
versus clusters, and test the dependence on the astrophysical parameters. We will also compare
cosmological results to those with cluster masses derived from the traditional stacking method
being led by ACT team member Nick Battaglia at Cornell, looking out for di↵erences coming from
the use of di↵erent angular scales to drive the cluster mass calibration in each case.

9

Or, N(M,z) for clusters also comparable prospects; with estimation of 
masses using optical shear.

Allison et al 2015

Planck collaboration VIII 2018



From kinematic and thermal Sunyaev Zel’dovich effects:  
measuring the baryon distribution

Hydro simulations

15

FIG. 6. Top: comparison of our best-fit gas density (left) and thermal pressure (right) profiles (blue curves and 2� bands)
with the related profiles from two cosmological simulations: [46] (magenta) and Illustris/TNG [28] (orange and green), and
a NFW profile [20] (black). We show average profiles, where each halo contribution is weighted by its mass according to the
mass probability density function of the CMASS catalog used in this work, and at the same redshift (z = 0.55). We select red
galaxies from TNG and show both stellar mass- (orange) and halo mass-weighted average profiles. The vertical grey lines enclose
the range where we measure the kSZ and the tSZ. Middle: projected density and pressure profiles, for comparison purposes.
Bottom: comparison of the profiles projected into the kSZ (left) and tSZ (right) observable space with the measurements by [18]
in the ACT f150 band (blue points and 1� error bars). The projection of the simulated and the NFW profiles account for and
for the convolution with the ACT beam and the aperture photometry filtering, as described in Section II. The black dashed
curve shows the NFW profile truncated at the virial radius. The tSZ simulated profiles also include the dust correction from our
ACT+Herschel measurements (2�).

Amodeo Battaglia Schaan Ferraro & ACT 20

New territory: low halo masses, outside virial radius 
Data suggests hotter gas in the outskirts 
Informs subgrid feedback prescriptions in hydro sims

Doing cosmology from shear requires understanding baryonic 
effects at small-scale. kSZ/tSZ is unique way to probe the baryons.

Hydro simulations
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FIG. 6. Top: comparison of our best-fit gas density (left) and thermal pressure (right) profiles (blue curves and 2� bands)
with the related profiles from two cosmological simulations: [46] (magenta) and Illustris/TNG [28] (orange and green), and
a NFW profile [20] (black). We show average profiles, where each halo contribution is weighted by its mass according to the
mass probability density function of the CMASS catalog used in this work, and at the same redshift (z = 0.55). We select red
galaxies from TNG and show both stellar mass- (orange) and halo mass-weighted average profiles. The vertical grey lines enclose
the range where we measure the kSZ and the tSZ. Middle: projected density and pressure profiles, for comparison purposes.
Bottom: comparison of the profiles projected into the kSZ (left) and tSZ (right) observable space with the measurements by [18]
in the ACT f150 band (blue points and 1� error bars). The projection of the simulated and the NFW profiles account for and
for the convolution with the ACT beam and the aperture photometry filtering, as described in Section II. The black dashed
curve shows the NFW profile truncated at the virial radius. The tSZ simulated profiles also include the dust correction from our
ACT+Herschel measurements (2�).

Amodeo Battaglia Schaan Ferraro & ACT 20

New territory: low halo masses, outside virial radius 
Data suggests hotter gas in the outskirts 
Informs subgrid feedback prescriptions in hydro sims

Using BOSS galaxies to stack

Schneider et al 2020

Detection now at 6-8σ
New CMB measurements - and DESI -  expected at 100s σ

WebSky

Current: gas profile is more extended than 
dark matter profile; hotter gas in outskirts



From large-scale EE and kSZ: global reionization properties  

Planck: τ=0.051-0.063 ± 0006 (SRoll/NPIPE maps)
Mid-point at z~8
Goal: cosmic variance limit σ(τ)= 0.002

Reichardt et al 2021(SPT), Δz < 3-5 (95% CL)
Future goal: σ(Δz) ~ 0.25

Smith et al 2018

Scales as τ2

Credit: Αntony Lewis

(And see Stephan Ilic’s talk)



• Variable AGN

• Transient mm sources

• Search for Solar System bodies
Is there a Planet 9?

• Dusty star-forming galaxies

• Galactic science [see Brandon Hensley’s talk] 
What is composition of dust?
What is distribution of magnetic fields in the Galaxy?

The mm sky seen by CMB experiments is also very interesting!



Hovatta et al 
2021, OVRO + 
Metsahovi w 
IceCube

 Variable AGN: are they source of high-energy neutrinos

New wide-field high-resolution ‘CMB’ data 
(with regular cadence) will be able to track 
1000s - 10000s of AGN on day/week/month 
timescales; can correlate with neutrino expts.

Planck v ACT, Naess et al 2020
1o pixel



 Transient mm sources: new discovery space 
Transient sources now seen by ACT & SPT (Naess et al 2021, Guns et al 2021)

Gamma-ray burst afterglows with and without triggers
Tidal disruption events
Stellar flares + more

Eftekhari et al 2021



So much still to learn from the CMB, and its mm sky-maps 
 

Using CMB primary polarization we hope to shed light on the inflation/
early universe mechanism, the dark sector, or reveal something new. 

Using CMB lensing, tSZ & kSZ we know that a non-zero neutrino mass is 
a concrete target, as well as measuring baryons and reionization.

We can do a wealth of new science from the mm maps (‘for free’):  
time domain astrophysics, Galactic science, planet hunting…


