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1 Introduction
The standard model of cosmology has been increasingly refined with measurements of the cosmic

microwave background (CMB), most recently by the European Space Agency’s Planck satellite [1].
Planck has provided definitive measurement of the CMB primary temperature anisotropies allowing
per-cent constraints on the cosmological parameters.

This model remains however deeply unsatisfactory. The nature of dark energy and dark matter is
still unknown. The current expansion rate (H0) of the Universe measured using the cosmic distance
ladder [2] and time delay of gravitationally lensed quasars [3] is discrepant at the 5σ level with the
one inferred from Planck cosmology. The amplitude of matter fluctuation (σ8) measured from galaxy
survey is in tension with the one predicted from the CMB [4].

Cosmology seems to be at the edge of a crisis, and one way to reveal new physics beyond the
ΛCDM model is through the advent of the new generation of high resolution ground based CMB
telescopes.

The large aperture telescopes of the Simons Observatory [5] (first light 2021), CMB-S4 [6] (2027-)
and precursors being proposed for the South Pole will resolve CMB anisotropies down to arcminute
scales, five times the angular resolution of the Planck satellite, and will be equipped with large focal
plane containing tens of thousands of detectors allowing for two orders of magnitude improvement
over Planck instrumental noise level.

These telescopes, located in the Atacama desert in Chile and at the South Pole, will provide a
definite measurement of CMB E-mode polarisation and CMB lensing in the south hemisphere.

The IN2P3 community is involved in precise high resolution CMB science with our participation
in AdvACT [7], Simons Array [8], our leading role in the preparation of Simons Observatory and our
involvement in CMB S4. In the coming decade, 2020-2030, we will have a unique opportunity for
participating to this worldwide effort of extracting the statistical properties of CMB polarisation and
lensing.

2 Science from CMB E modes
The E modes of the CMB polarisation field constitute a pristine observable for constraining the

physics of the primordial universe. Sourced by the gradient of the plasma velocity before decoupling,
they contain a wealth of information on theΛCDMmodel. Unlike the CMB temperature anisotropies,
which are strongly contaminated by extra-galactic foregrounds emissions on small scales, the Emodes
can in principle be measured down to arcminutes scale, due to the low polarisation fraction of these
foregrounds [9]. A precise measurement of Emodes will directly translate into a wealth of information
on the ΛCDM model and its extensions.
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Cosmic Neutrinos and Other Light Relics The statistical properties of the cosmic microwave back-
ground are sensitive to the total radiation density (Ωr) at early time. Changing the radiation density
changes the expansion rate, which impacts the amount of photon diffusion, which results in the sup-
pression of small scale modes. Ωr is directly proportional to the number of relativistic degree of
freedom in the early universe, usually parametrised as Neff =

8
7

( 11
4

)4/3
ρX/ργ (e.g [10]), where ρX

accounts for any relativistic species except for photons. In the standard model, only the three standard
neutrinos contribute to ρX and Neff = 3.046. Using the measurement of the small scales E-modes from
the SO large aperture telescope (Figure 1), we will bound the effective number of relativistic species at
the 2% level ( 1% for CMB S4), which will allow us to investigate the presence of other light particles
in the early universe. Neff is a probe of any particles that have the same gravitational influence as rela-
tivistic neutrinos, which is the case for any free-streaming radiation. The effect on Neff of a new light
particle will depend on the time when it decoupled from equilibrium from the plasma. For example,
SO will exclude, at 95% confidence, particles with spin decoupling at the QCD transition. Any new
species with spin that was in thermal equilibrium with particles of the Standard Model at any point
back to the time of reheating will contribute to ∆Neff > 0.047which is the sensitivity goal of CMB S4.
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Figure 1 – Errors on the EE power spectrum measured by
the large aperture telescope of the Simons Observatory.We
display the errors for two cases for the SO performance : a
nominal baseline level, and a more optimistic goal level.

Dark Matter interactions The na-
ture of dark matter is still unk-
nown and the CMB anisotropies of-
fer a unique window to constrain
possible interactions with the ordi-
nary matter. The dark matter ba-
ryon scattering process leaves an im-
print on cosmological observables by
transferring momentum and heat bet-
ween the dark matter and photon-
baryon fluids, damps the acoustic os-
cillations, and suppresses power on
small scales in the primary CMB ani-
sotropies [5]. A precise measurement
of the CMB EE power spectrum will
allow us to bound the dark matter-
proton cross section for MeV-GeV dark
matter masses, which is complemen-
tary with traditional dark matter direct
searches.

Possible solutions to the H0 crisis Recent results from the cosmic distance ladder [2] and time
delays of gravitationally lensed quasars [3] challenge the ΛCDM concordance model. The H0 value
inferred from the combination of these two low-redshift probes is 5σ discrepant with the one inferred
from the measurement of the cosmic microwave background by the Planck satellite [1, 4]. This dis-
crepancy could reveal new physics beyond the standard model or be due to unmodeled systematics.
A discussion is on-going on the possible systematic effects that could affect the low-redshift observa-
tions, in particular the calibration of the cosmic distance ladder (e.g [11], [12]). Models of new physics
beyond ΛCDM that would reconcile the two measurements have also been developed. The authors
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of [13, 14] have shown that an early dark energy component or a non standard neutrino interaction
could resolve the tension. A general feature of such solutions is a residual to fits to ΛCDM that
could in principle be detectable by the next generation of CMB experiments. The magnitude of these
residuals is however extremely small and measuring them will require very accurate observations and,
in particular, a precise measurement of the E modes power spectrum down to small angular scales.

A precise measurement of the CMB E-mode power spectrum will be crucial for performing
powerful tests on theΛCDMmodel and its extensions. The E modes will also serve as a very stringent
consistency test of the temperature power spectrum cosmology. They are less affected by extra-galactic
foreground [15] and the correlation coefficient between T and E modes is insensitive to most CMB
instrumental systematics [16].

3 Science from CMB lensing
The typical deflection of a light ray by the large-scale matter distribution is of order 3 arcminutes,

which is roughly twice the angular resolution of the large aperture telescope of the SimonsObservatory.
By remapping the photons from their original position to a lensed position, gravitational lensing has
two effects, it imprints a distinctive non-Gaussian signature on the temperature and polarisation
anisotropies of the cosmic microwave background and it leads to the mixing of E and B modes [17].
Since the statistical properties of the primordial CMB are very close to be gaussian, measurements of
the distinctive non gaussiannity yield a direct determination of the integrated mass fluctuations along
the line of sight.

The first detection of this effect was achieved by the ground based ACT telescope [18] leading to
the first evidence for dark energy using only CMB data [19]. The best up-to-date measurement is the
40σ detection from the Planck collaboration [20], which yields to a (S/N ≈ 1) full sky map of the
lensing potential and very significant cross correlation with other tracers of the large structure.

The lensing potential measurement gives an unbiased reconstruction of the projected two dimen-
sional underlying matter density field, opening the possibly of constraining the growth of structure
using CMB data. By cross-correlating the CMB lensing data with large-scale structure tracers (e.g.,
galaxies, quasars), we can reconstruct the three-dimensional matter field, and measure the growth
of structure with redshift. The high sensitivity and high angular resolution of Simons Observatory
(CMB-S4) will lead to a 150σ (300σ) measurement of the lensing field.

Neutrinos masses As the universe cools down, massive neutrinos become non-relativistic and be-
have like a dark matter component. However, unlike cold dark matter, neutrinos free stream and their
non-zero thermal velocity damps structure formation on small scales [21]. This lowers the amplitude
of the matter power spectrum on small scales relative to large scales by an amount proportional to
the neutrino masses. The CMB lensing power spectrum observes the small scale amplitude and thus
enables us to measure the sum of the neutrinos masses. The expected constraint on the sum of the
masses from the Simons Observatory lensing power spectrum, combined with the BAO measurement
of DESI, is σ(

∑
mν) = 30meV. This type of measurement will unambiguously determine the absolute

mass scale of neutrinos, and if the sum is < 100meV, SO and CMB-S4 can furthermore disfavour the
inverted mass hierarchy.

Primordial B modes In addition to the large aperture telescopes, Simons Observatory and CMB S4
will consist of small aperture telescopes (SAT), dedicated to the measurement of primordial B modes,
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Figure 2 – Left : expected lensing noise for the SO large aperture telescope compared to the Planck
lensing noise [5], the different curves correspond to different foregrounds mitigation strategies. Right :
overlap of the LAT Simons Observatory survey with LSST and other galaxy surveys [5].

a smoking-gun signature of the inflation phase of our Universe (see Cosmic Inflation I to IV). CMB
lensing by the large scale structure breaks the polarisation pattern generated on the last scattering
surface and introduces a mixing between E and B modes. Lensing-induced B-modes will be a strong
limitation for the precise measurement of primordial B modes. However, given a measurement of the
lensing potential, it is possible to partially undo the effect of lensing on CMBmaps, therefore reducing
this contamination. The lensing measurement of the Simons Observatory LAT will be used to delens
the measurement of the SAT, reducing the contamination by a factor two.

Cross-correlation with galaxy surveys Simons Observatory and CMB S4 will cover the 40% of
sky that overlaps with LSST (Figure 2) and will have a large overlap with Euclid (> 7000 sq deg).
Cross-correlations between maps of the CMB lensing potential and tracers of the matter distribution
will help to constrain dark energy and the growth of structure by reconstructing the three-dimensional
matter distribution ; CMB-S4, for example, will determine the amplitude of the matter fluctuations
as a function of redshift to much better than 1% out to high redshifts. This three-dimensional re-
construction is critical for distinguishing the effects of dark energy and neutrino mass on the matter
power spectrum. These cross-correlation studies also provide a handle on the systematics that affects
galaxy survey measurements. In particular, the shear measurement of optical lensing surveys will be
affected by multiplicative biases which are degenerate with the amplitude of structure. While these
biases could in principle be overcome using precise simulations, CMB lensing will provide an external
validation as it produces a measurement of the projected dark matter field that does not suffer from
such multiplicative systematics.

Cluster masses CMB lensing offers an independent way to measure object masses, such as ga-
laxy clusters, and this out to redshifts well beyond the reach of galaxy shear observations. The cluster
mass scale is currently the limiting factor in using clusters as cosmological probes ; CMB lensing will
help mitigate this systematic.

An order of magnitude improvement on the precision of CMB lensing is expected in the next
decade (2020-2030). Beyond its own scientific merit, CMB lensing benefits from strong synergies
with primordial B modes searches and large scale structure studies, and is therefore a key observable
for precision cosmology in the future.
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4 Conclusion
A wealth of information is still left to be measured in the polarisation and the lensing of the CMB

anisotropies. The IN2P3 community was heavily involved in the Planck collaboration, has a leading
role in ground based experiments such as AdvACT and Simons Array, and is now involved in the
preparation of next generation experiments such as Simons Observatory and CMB S4.

Results from ground based telescopes will dominate CMB cosmology for the next decade (2020-
2030). Science from the CMB at high resolution is unique, transformative and has important synergies
with upcoming galaxy survey such as LSST and Euclid. We aim at using our expertise to play an
important role in the high resolution science of Simons Observatory and CMB S4.
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