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PLANCK LEGACY
The Planck satellite experiment produced the most accurate full sky CMB maps to date. 

The final data release is expected by end of this year. 

Concerning neutrino physics Planck provides the following key constraints:

- Strong constraints on neutrino masses. 

- No indication for extra relativistic degrees of freedom at recombination.



In 2012 (arxiv:1212.5226), a WMAP+BAO+H0 analysis gave: 

i.e. an indication for Neff > 3.04 at about 95% c.l.. 

Planck 2013 release was consistent with this result. 

Why this is now gone ? 

- H0=73±2.4 prior inconsistent with CMB TTTEEE. 

- WMAP large angular scale polarization (used also in the 
Planck 2013 release) affected by dust contamination. New 
Planck constraints gives τ=0.055±0.009 instead of 
WMAP’s τ=0.089±0.014. This affects constraints on Neff. 

HISTORY OF NEFF
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The 2012 indication for Neff>3.045 was not due to a  

statistical fluctuation but to systematics in the data. 

2σ in cosmological data should always be carefully 
considered.



A PERFECT (LCDM) UNIVERSE ?

The recent CMB 
measurements made by the 
Planck satellite are in perfect 
agreement with the 
expectations of the LCDM 
model. Planck collaboration, arXiv:1502.01589
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ANOMALIES IN TT SPECTRA ?
Cosmological 
parameters 
derived using data 
in this range of l…

…. are different from those 
derived using data in this 
other range of multipoles…

(LCDM and a prior on the optical depth τ=0.07±0.02 are assumed)

…. and from those 
obtained using the whole 
range of multipoles !



CMB LENSING
CMB photons emitted at 
z=1100 are  deflected by 
the gravitational lensing 
effect of massive cosmic 
structures. 

This affects the CMB 
anisotropy angular 
spectrum by smearing the 
high l peaks. 

This effect is taken into 
account in CMB theory but 
we can anyway parametrize 
the lensing amplitude by an 
effective rescaling 
parameter AL. Calabrese et al., Phys.Rev.D77:123531,2008
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AL=0,1,3,6,9 

AL=1 is what is 
expected under 
LCDM



THE AL ANOMALY
The most recent 
Planck analysis 
(arXiv:1605.02985) 
prefers AL>1 at 2.5 
standard deviations.

When AL =1.2 
parameters are the 
same when 
computed in the 
range 2<l<1000 and 
1000<l<2508.



THE AL ANOMALY
CMB Lensing can be measured 
also in different ways. The most 
powerful method is through 
the trispectrum (TTTT) of the 
CMB maps. This results in a 40σ 
measurement of lensing with  
overall lensing amplitude: 

consistent, or even slightly 
lower than LCDM.         
Summing Planck TT and 
trispectum lensing data one 
gets: 

now consistent with LCDM !

However the TTTT lensing dataset is in tension with the 
TT TEEE dataset (Δχ2~12 for LCDM and Δχ2~17 for 
LCDM+AL and 8 degrees of freedom) ! 

Maybe the AL anomaly does not come from lensing ?  

Maybe AL is a too simple parametrization (CMB TTTEEE 
and TTTT probe different scales). 

Planck collaboration, arXiv:1502.01589

http://lanl.arxiv.org/abs/1502.01589


AL IMPACTS CONSTRAINTS ON 
NEUTRINO MASSES !

Planck+TTTT Lensing+BAO (68 % c.l.) when you assume LCDM:

Planck+TTTT Lensing+BAO (68 % c.l.) when you assume LCDM+AL:



TENSION  I

Joudaki et al, arXiv:1601.05786 Hildebrandt et al, arXiv:1606.05338

A clear tension is present between Planck and cosmic shear data from CFHTLenS 
and KiDS-450 on the σ8 vs Ωm plane. This comparison assumes LCDM.

http://lanl.arxiv.org/abs/1601.05786
http://lanl.arxiv.org/abs/1606.05338


TENSION II
The recent Riess et al. 
2016 (R16) 
determination of the 
Hubble constant: 

is more than 3σ away 
from the value 
determined by Planck 
assuming LCDM:

Reiss et al, arXiv:1604.01424



EXTENDED LCDM+R16

In extended parameter space 
planck and Riess 2016 are in 
agreement providing AL> 1 
and w<-1 at about 95% c.l.

Di Valentino, AM, Silk, arXiv:1606.00634

68% c.l.



EXTENDED LCDM+R16

In extended parameter space 
Neff is always consistent with 
the standard value 3.046

Di Valentino, AM, Silk, arXiv:1606.00634

68% c.l.



EXTENDED LCDM+R16
In extended parameter space 
the bounds on neutrino 
masses are weaker.

Di Valentino, AM, Silk, arXiv:1606.00634

68% c.l.



THE FUTURE
Planned/Proposed/Future CMB experiments can be divided in 3 categories: 

- Ground based. Pros: cheaper, most updated technology, easy to fix, large mirror 
(better angular resolution). Cons: limited frequency coverage (atmosphere), 
limited sky fraction. 

- Balloon borne. Pros: cheap, most updated technology, high frequency coverage. 
Cons: limited observational time, limited sky fraction, difficult execution (holes in 
the balloon, winds, airplanes…). 

- Satellites. Pros: best thermal environment, full sky and frequencies coverages. 
Cons: expensive !!! detector technology from at least 5 years before launch. 



GROUND BASED: AN 
IMPRESSIVE PROGRAM !



FROM STAGE II TO 
STAGE III

SPT – South Pole – 10 meter reflector, 1600 detectors, 100, 150 GHz
ACT – Chile – 6 meter reflector, 3000 detectors, 100, 150 GHz
POLARBEAR / Simons – Chile – 3 meter reflector(s), 1300 detectors, 150GHz
BICEP2/Keck Array – South Pole – 0.25 meter refractors, 2500 detectors, 100,150, 220 GHz

SPT-3G, South Pole, 16400 detectors                                                     
Advanced ActPol, Chile, 7000 detectors                                                     
Simons Array, Chile, 22764 detectors                                                       
BICEP3+Keck Array, South Pole, 2500 detectors, 0.68 meter refractors



Site 1: South Pole in Antarctica



Site 2: Atacama Desert in Chile



PROBLEM I (WITH GB): 
ATMOSPHERE



PROBLEM II (WITH GB):  
SKY COVERAGE



CMB STAGE 3.5
The Simons foundation just approved a $45M+ program to 
advance technology and
infrastructure in preparattion for CMB-Stage 4.

• Merger of the ACT and POLARBEAR/Simons Array teams.
J. H. Simons
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Atacama desert in 2030 ?          



DELENSING
Lensing affects the position and amplitude of the 
peaks. If we could remove it we can better recover 
primary cosmological parameters as Neff. We also 
better measure lensing in the procedure and so we 
can improve constraints on neutrino mass. 

Delensing can be done by 

- Using CMB lensing B modes (you need good 
angular resolution). 

- Using cross correlation with Cosmic Infrared 
Background measurements as those already 
made by Planck. CIB is mostly made up of 
unresolved emission from dusty star-forming 
galaxies at high redshifts; as the CMB lensing 
arises from similar high redshifts, the CIB should 
be strongly correlated with the lensing potential. 

- Using cross-correlation with high redshift galaxy 
surveys as LSST.

Delensing could 
improve a lot the 
constraints from future 
mission before 2020 !



EXPECTED CONSTRAINTS 
FROM STAGE III CMB 
EXPERIMENTS (2016-2020)

BICEP3+Keck Array+ Planck

AdVActPol+Planck

Simons Array + Planck

SPT-3G+Planck

From CMB Alone Delensing with LSST 
(2020-2030)

Delensing with 
CIB (Planck)Errard et al, JCAP03(2016)052



BALLOON 
EXPERIMENTS



BALLOON 
EXPERIMENTS

PIPER+Planck

SPIDER+Planck

EBEX+Planck

From CMB Alone Delensing with LSST 
(2020-2030)

Delensing with 
CIB (Planck)Errard et al, JCAP03(2016)052

Better frequency coverage 
and foreground removal 
respect to ground based !



COSMOLOGICAL BOUNDS 
ON NEUTRINO MASSES 
PRE-2020 IN SUMMARY

- A large number of ground based and balloon CMB experiments 
will provide new results before 2020. 

- Providing that: a) Planck anomalies are solved, b) foregrounds are 
well estimated (by balloon experiments, for example), c) delensing 
from CIB is feasible a neutrino total mass of 0.20 eV could be 
measured at 4-5 sigmas. Inverted hierarchy could be excluded 
(total mass below <0.095 eV) at about 2 sigmas. 

- Better constraints can be obtained by combining CMB 
measurements with complementary observables (BAO, H0, WL) 
but will they be consistent ?



AFTER 2020: STAGE IV

Stage IV is, at the moment, the proposal with the highest probability of being realized.  
Delensing can be obtained directly by CMB data. 

However: 

- It relies on Planck (or future large angular scale measurements).  

- Forecasts assume LCDM and no systematics in Planck (this may not be the case at 2 
sigma level) 

- Forecasts assume perfect a priori knowledge of the foregrounds. Ground based 
experiments lack high frequencies, BICEP2 story tells us that we should be 
extremely careful ! 

From CMB Alone
Delensing with LSST 
(2020-2030)

Delensing with 
CIB (Planck)

Errard et al, JCAP03(2016)052



PROPOSED SATELLITES
Litebird is a JAXA/NASA proposal in phase A. 
The telescope has a small angular resolution 
(0.5 deg @ 100 GHz). This experiment will 
mainly measure the large angular scale 
polarization (2<l<200).

From CMB Alone
Combining 
with LSST 
(2020-2030)

Errard et al, JCAP03(2016)052



PROPOSED SATELLITES
CORE is a proposed satellite 
for the upcoming M5 ESA call 
(October 2016). 

At the moment 3 different 
experimental configurations 
are under study. 

With respect to LiteBird: 

- higher cost 

- better angular resolution of 
6’ (results do not rely on 
delensing from CIB or 
LSST). 

- Launch >2028



FUTURE CONSTRAINTS 
FROM CORE

Improvement respect to current constraints from Planck

Planck best fit ΛCDM assumed as fiducial model.CORE collaboration, forecasts by M. Gerbino,  in preparation.
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LSS SURVEYS
• Euclid – Launch 2020 – Space-based optical and spectrophotometric NIR 

survey– 15,000 square degrees in North and South, over 5 years– Optical 
imaging ~ 0.1<z<2– Galaxy spectra ~ 2<z<3 

• LSST – First Light 2020– 8m photometric optical survey, Chile– 18,000 
square degrees in (mostly) South– High cadence information: each area 
surveyed 100’s times over 10 years 

• SKA– Radio Telescope sensitive to a wide range of frequencies– 
Proposed wide surveys will over a few thousand square degrees over the 
southern sky.– Construction of the SKA1 (the first stage of the full SKA) is 
scheduled to begin in 2018 for initial observations by 2020. 

• DESI – Spectroscopic instrument on the 4 meter Mayall Telescope.– 
Survey the 14,000 square degrees of sky in the northern hemisphere 
obtaining spectra and redshifts up to z=3.5 using the for luminous red 
galaxies (LRGs), emission line galaxies (ELGs) and quasars.



FUTURE CONSTRAINTS 
FROM CORE

Model: three 
degenerate 
massive neutrinos 
+ extra relativistic  
neutrinos. Fiducial 
model has:

CORE collaboration, forecasts by Brinckmann, Lesgourgues, in preparation.



FUTURE CONSTRAINTS 
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CORE collaboration, in preparation.
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CORE collaboration, in preparation.



FUTURE CONSTRAINTS 
FROM CORE

Sterile Neutrino

CORE collaboration, in preparation.



EUCLID AND NON 
LINEARITIES

All previous forecast assumes linear or mildly non-linear perturbation theory (kmax=1.5 hMpc^-1). But if 
future developments in treatment of linearities could let us to move to even more non linear regime 
(kmax=5 hMpc^-1) we may learn a lot more !

Kitching, 
Heavens, Das, 
2015 

Planck+Euclid 
can reach 0.015 
eV sensitivity on 
the sum of 
neutrino masses.
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EXPERIMENTS AFTER 
2020: SUMMARY

- Stage IV can reach the sensitivity to 0.05 eV on neutrino mass without relying on external 
datasets. 

- Litebird has very good chances of being approved and launched. It will be extremely 
important and complementary with Stage IV. 

- An experiment like CORE will produce the most reliable constraints on neutrino physics: full 
sky and frequency coverage, better control of systematics, etc.  If non-linearities can be well 
treated a future CORE+EUCLID dataset could reach a sensitivity on the total neutrino mass of 
0.003 eV (!!). Enough to rule out the inverted hierarchy at 30 standard deviation and a 
guaranteed discovery for a neutrino mass at 20 sigmas !!
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FUTURE CONSTRAINTS 
FROM CORE

Constraints on neutrino 
self interaction 

can be improved by a 
factor 8 with respect to 
current constraints from 
Planck. (see talk by 
Forastieri).


