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dark energy properties 
and modified gravity



POLARBEAR telescope
5,200m, Atacama desert, Chile
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Outline 
• CMB lensing and evidence for DE

• Latest cosmological constraints from Planck

• Upcoming CMB observations and expected performance
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Observations are in remarkable agreement with single-field slow-roll inflation:
• Super-horizon fluctuation 
• Adiabaticity 
• Gaussianity 
• ns < 1 

[see talk tomorrow by Martin Kuntz, 
Sophie Henrot-Versille]
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zooming at the 10-7 level
➤ but we want gravitational waves in addition!

Exploring Cosmic Origins with CORE: Inflation  
F. Finelli, M. Bucher et al., JCAP, 2017

The Best Inflationary Models After Planck 
J. Martin, C. Ringeval, R. Trotta, V. Vennin, 
JCAP, 2014
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gravitational lensing = remapping of the CMB fields
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Averaged over the sky, lensing 
smoothes out the power spectrum 
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primordial CMB

credits: Dominic Beck
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observed CMB

credits: Dominic Beck
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observed CMB
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Weak Gravitational Lensing of the CMB, A. 
Lewis & S. Challinor (2008)
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ΛCDM



(2) Maximum likelihood

↳ measure off-diagonal covariance induced by lensing (Hu+Okamoto 2001)

• fast to implement

• nearly optimal for current (stage-II, -III) observations

• more expensive, but tractable iteratively (Hirata+Seljak 2003, Carron+Lewis 2017)

• better reconstruction for CMB-S4-like noise levels

(1) Quadratic estimators

 ̃(L) ⌘ N(L)

Z
d2l

2⇡
Xobs(l)Xobs ⇤(l� L)g(l,L)

�2 log(L
�
Xobs|↵)

�
= XT
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�1 X + log det (C↵)
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Challinor et al. arXiv:1707.02259 
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Evidence for dark energy from the cosmic 
microwave background alone using the Atacama 
Cosmology Telescope lensing measurements,   
Sherwin et al. (2011)  
arXiv:1105.0419 

• the spatially flat ΛCDM model with dark 
energy which best fits the WMAP 
seven-year data 

• a model with positive spatial curvature 
but without dark energy. 
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Evidence for dark energy from the cosmic 
microwave background alone using the Atacama 
Cosmology Telescope lensing measurements,   
Sherwin et al. (2011)  
arXiv:1105.0419 

• the spatially flat ΛCDM model with dark 
energy which best fits the WMAP 
seven-year data 

• a model with positive spatial curvature 
but without dark energy. 

“These two cosmologies predict significantly 
different CMB lensing deflection power 
spectra Cdd. 
Fig. on the right shows that the universe with 
ΩΛ = 0 produces more lensing on all scales. 
The ACT measurements are a better fit to 
the model with vacuum energy than to the 
model without dark energy.”
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Planck 2015 results. XIV. Dark energy and 
modified gravity (2015)
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Planck 2015 results. XIV. Dark energy and 
modified gravity (2015)

Simple quintessence model



“The quest for Dark Energy and Modified Gravity is far from  
over. A variety of different theoretical scenarios have been  
proposed in literature and need to be carefully compared with the  
data. This effort is still in its early stages, given the variety of theories 
and parameterizations that have been suggested, together with a lack of 
well tested numerical codes that allow us to make detailed predictions 
for the desired range of parameters.”

➤ independently of the chosen parametrization for 
DE, data sets are compatible with ΛCDM
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How is the CMB moving forward?

Planck 2015 results. XIV. Dark energy and 
modified gravity (2015)

[see talks by Martin Kuntz and David Langlois]



CMB-S4 Science Book, arXiv: 1610.02743 

now?

J. Errard — Colloque énergie noire — Oct 2017



• 22,000 polarization sensitive detectors 
• sinuous antennas (dual-frequency-band pixels) 
• 4 frequency bands total (95,150,220,280GHz) 
• 3.5’ beam @ 150GHz

PB2a is getting ready!



2-refractor 
setup

crossed 
Dragone 

setup

small aperture 
telescope

Simons 
Observatory

• O( 80,000 ) detectors

• deep patch fsky = O(5%) -> inflation

• large patch fsky = O(25%) -> lensing

• small aperture (FWHM = O(.5deg)) 

and large aperture (FWHM = O(1 
arcmin))


• O(7-8) frequency bands between 30 
and 280GHz

J. Errard — Colloque énergie noire — Oct 2017



2 -3 O(60cm) Optics 
tubes per receiver 

~14 O(30cm) Optics 
tubes per receiver

~2 m diameter receiver for each large aperture telescope. 

large 
aperture 

telescope
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CMB-S4

10m South Pole Telescope  
  SPT-3G: 16,400 detectors  
  95, 150, 220 GHz

South Pole CMB  (Stage 3)

 BICEP3
   2560 detectors  
   95 GHz

Photo"credit"Cynthia"Chiang

Photo:"Rahul"Datta"&"Alessandro"Schillaci

CLASS 1.5m x 4
72 detectors at 38 GHz 

512 at 95 GHz  
2000 at 147 and 217 GHz

Upgrading to Simons Array  
(Polarbear 2.5m x 3) 

22,764 detectors  
90, 150, 220, 280 GHz

ACT 6m
AdvACTpol:  

88 detectors at 28 & 41 GHz 
1712 at 95 GHz  
2718 at 150 GHz  
1006 at 230 GHz

Atacama CMB  (Stage 3)

 Keck Array
  2500 detectors  
   150 & 220 GHz

Upgrading to BICEP Array: 
  30,000 detectors  
   35, 95, 150, 220, 270 GHz

and the Simons Observatory is  
being planned.

• One collaboration, one 
project, with two sites: South 
Pole and Atacama, Chile  
• Small and large telescopes 
for B-mode, delensing, high-l 
cosmic structure science

• 500,000 detectors (300k on 
3 large telescopes; 200k on 14 
small telescopes) 

• Order 8 frequency bands for 
CMB and foreground 
mitigation on small telescopes 

• Two surveys: 


★ 4 yr deep B-mode w/ 
delensing (fsky ~ few %) 

★ 7 yr broad for Neff and 
cosmic structure science 
(fsky = 40%) 
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CMB-S4 Science Book, arXiv: 1610.02743 



Dark energy observables: 
• cluster abundance and mass 
• lensing 
• kinematic SZ 
• cosmic birefringence
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Dark energy observables: 
• cluster abundance and mass 
• lensing 
• kinematic SZ 
• cosmic birefringence

SZ cluster

inverse  
Compton scattering

                                            SZ surveys provide relatively clean, nearly mass-limited catalogs of 
clusters out to the highest redshifts where they exist;  
in particular, SZ surveys are easily the most efficient approach to finding massive clusters at z > 1.
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CMB-S4 Science Book, arXiv: 1610.02743 

[see talk by 
Marian Douspis]
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[see talk by 
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Dark energy observables: 
• cluster abundance and mass 
• lensing 
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SZ cluster

inverse  
Compton scattering

                                            SZ surveys provide relatively clean, nearly mass-limited catalogs of 
clusters out to the highest redshifts where they exist;  
in particular, SZ surveys are easily the most efficient approach to finding massive clusters at z > 1.

FHWM ↘, cost ↗, mass threshold ↘, # of detected clusters ↗ (especially at high redshifts)

relative mass calibration with X-ray 
observations (Chandra, XMM-Newton, 

eROSITA, ATHENA)

absolute mass calibration with 
lensing (galaxy cluster weak lensing, 

CMB lensing at high redshifts)
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Dark energy observables: 
• cluster abundance and mass 
• lensing 
• kinematic SZ 
• cosmic birefringence

SZ cluster

inverse  
Compton scattering

                                            SZ surveys provide relatively clean, nearly mass-limited catalogs of 
clusters out to the highest redshifts where they exist;  
in particular, SZ surveys are easily the most efficient approach to finding massive clusters at z > 1.

FHWM ↘, cost ↗, mass threshold ↘, # of detected clusters ↗ (especially at high redshifts)

relative mass calibration with X-ray 
observations (Chandra, XMM-Newton, 

eROSITA, ATHENA)

absolute mass calibration with 
lensing (galaxy cluster weak lensing, 

CMB lensing at high redshifts)

great 

complement 

to DESI and 

LSST and 

Euclid

50% mass completeness limits projected cluster counts
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CMB-S4 Science Book, arXiv: 1610.02743 

[see talk by 
Marian Douspis]
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Dark energy observables: 
• cluster abundance and mass 
• lensing 
• kinematic SZ 
• cosmic birefringence
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CMB-S4 Science Book, arXiv: 1610.02743 

[see talk by Olivier Perdereau]



Dark energy observables: 
• cluster abundance and mass 
• lensing 
• kinematic SZ 
• cosmic birefringence

CMB

• multi-frequency data can be used to 
remove other foregrounds and isolate 
kSZ signal


• CMB-S4 will enable sub-percent 
precision measurements of the matter 
density σ8 fluctuations through the 
diffuse kSZ anisotropy ➔ test for ΛCDM


• patchy kSZ ➔ reionization 


• mean pairwise velocity is sensitive to 
both the growth of structure and the 
expansion history of the Universe ; 
excellent probe for gravity on large 
scales ➔ e.g. w, neutrino mass
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Dark energy observables: 
• cluster abundance and mass 
• lensing 
• kinematic SZ 
• cosmic birefringence

CMB

• multi-frequency data can be used to 
remove other foregrounds and isolate 
kSZ signal


• CMB-S4 will enable sub-percent 
precision measurements of the matter 
density σ8 fluctuations through the 
diffuse kSZ anisotropy ➔ test for ΛCDM


• patchy kSZ ➔ reionization 


• mean pairwise velocity is sensitive to 
both the growth of structure and the 
expansion history of the Universe ; 
excellent probe for gravity on large 
scales ➔ e.g. w, neutrino mass

Barron et al.  
1702.07467v2 
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CMB-S4 Science Book, arXiv: 1610.02743 



Dark energy observables: 
• cluster abundance and mass 
• lensing 
• kinematic SZ 
• cosmic birefringence

Coupling between scalar field and 
photons through the Chern-Simons 
term in the electromagnetic 
Lagrangian
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CMB-S4 Science Book, arXiv: 1610.02743 
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➤ combination between probes can go a step further … 

CMB-S4 Science Book, arXiv: 1610.02743 



dark matter filamentbackground galaxy
CMB anisotropies
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dark matter filamentbackground galaxy
CMB anisotropies
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Das, Errard, Spergel arXiv: 1311.2338
Schaan et al. arXiv: 1607.01761 

CMB-S4



eg ⇠ (1 +m)�
LSST CMB-S4
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Das, Errard, Spergel arXiv: 1311.2338
Schaan et al. arXiv: 1607.01761 

[see talks by Martin Kilbinger and Agnes Ferté]

[see talk by Stéphane Ilic]



Conclusions
• CMB polarization instrumentation and observations are evolving fast! Simons 

Array (22,000 detectors) is about to start observing, Simons Observatory (80,000 
detectors) in 2021 and CMB-S4 (O(500,000) detectors) in ~2025


• CMB is a very sensitive probe to the early and late universe, through the 
exploitation of 2- and 4-point correlation functions of its polarization maps.
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CMB-S4

20212018 2025

[see talk by Pierre Antilogus]

[see talk by Nicolas Busca]

• there is a great complementarity with e.g. optical and spectroscopic surveys: 
access to new redshifts (SZ clusters and lensing) and to a good control of 
systematics (shear biases)

[see talk by 
Yannick Mellier]
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assumed to be Gaussian at the primordial level.
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lensing potential, the distribution of the observed temperature will not be isotropic.  
 
        ➤ we use quadratic off-diagonal terms of the φ-fixed correlation ⟨T(l)T(l’)⟩ to 
constrain the lensing potential φ
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For a flat-sky statistically-isotropic ensemble, harmonics with different     are uncorrelated i.e. ~̀

hT (~̀)T (~̀0)i = �(~̀� ~̀0)CTT
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However, the sky we observe is of course not isotropic, and in particular for a given fixed 
lensing potential, the distribution of the observed temperature will not be isotropic.  
 
        ➤ we use quadratic off-diagonal terms of the φ-fixed correlation ⟨T(l)T(l’)⟩ to 
constrain the lensing potential φ

To estimate the lensing potential on the observed sky, we perform a weighted average of the 
off-diagonal terms, defining the quadratic estimator

�(~L) ⌘ N(~L)

Z
d2~l

2⇡
T (~l)T ⇤(~l � ~L)g(~l, ~L)

some weighting function
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NB: quadratic estimator ≠ optimal estimator

With the above equations, the quadratic estimator finally reads:
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