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1. RATIONAL OF THE PROJECT 

 
The current cosmological models and the state-of-the-art of CMB temperature and polarization observations 
(mainly based on Planck and BICEP/Keck results) point towards the need of a complementary approach of 
space projects, focused on CMB analysis, and of sub-orbital observations for precise, multi-frequency 
(including the lowest and highest – experimentally feasible  frequencies) foreground treatment and very high 
resolution mapping. The latter is crucial to be able to e.g. detect and characterize primordial B-mode 
polarization from a stochastic background of gravitational waves with a primordial perturbation tensor-to-
scalar ratio r around 10-3.  
In parallel we will investigate also the observability of  CMB spectral distortions specially those deriving 
from the re-ionization epoch.  
As a third goal we will investigate the feasibility of a micro/mini space mission to be used as a calibrator for 
all CMB experiments on ground (and eventually space). 
The main object of this WP is aimed at:  
I. Definition and design implementation of a next CMB oriented space mission.  

II. Definition and road-map implementation of sub-orbital (ground and balloon) experiments/projects/ 
facilities to complement space mission. 

2. RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
 
The main goals planned for this period are: 1. Ingesting of available tools and data sets; 2. Design and 
simulation planning; 3. Outline of future CMB space missions in the orbital & sub-orbital frameworks. 
In the analyses described below (Sect. 3) we largely ingested and used the Planck legacy for what concerns 
both data analysis tools and component maps to characterize astrophysical foreground emissions and CMB 
anisotropies (item 1). We mainly focused the study on anisotropy missions under different configurations 
(item 2). Finally, we started also the investigation (item 3) of implications of spectrum oriented missions 
(Sect. 4), a topic that still relies mainly on COBE/FIRAS data of about 20 years ago. 
A CMB space calibrator to be used as a large use facility will also be examined. 

 
3. RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 

In the first six months we concentrated our efforts mainly in a CMB polarization mission and started 
studying a spectral space mission. 

We have studied the capabilities of different concepts for the next space CMB mission dedicated to 
polarization to improve on the current cosmological constraints, largely based on Planck for temperature, E-
mode polarization and lensing, and on BICEP 2/Keck Array/Planck joint cross-correlation for primordial B-
mode polarization. 

As a first step, we have concentrated on the impact of the telescope size and noise sensitivity on the science 
results. This comparison is important since the size of the primary aperture, and therefore of the instrument, 
and the number of detectors determine the cost of a CMB polarization mission. 



             We have studied the CORE-like specifications of the proposal for a CMB space satellite submitted in 
October 2016 in response to the ESA fifth call for a medium-size mission (Burigana et al. 2017; de Bernardis 
et al. 2017; de Zotti et al. 2016; Di Valentino et al. 2016; Finelli et al. 2016); these specifications correspond 
to an aggregate noise sensitivity of 1.7 µK arcmin obtained by 19 frequency channels spanning the range 60-
600 GHz with an angular resolution of 5' at 200 GHz determined by a 120 cm mirror. We have compared 
these CORE-like forecasts to those obtained with experimental specifications from other concepts for the 
next space missions dedicated to CMB polarization, with telescope sizse from 60 cm to 150 cm. 

          These concepts include (a) the LiteBIRD-ext configuration (Errard et al. 2015) for JAXA LiteBIRD mission 
(Matsumura et al. 2014) with an aperture around 60 cm, (b) three configurations with the same noise 
sensitivity per arcmin as LiteBIRD-ext, but with higher angular resolution thanks to a larger telescope of 80 
cm (LiteCORE-80) or 120 cm (LiteCORE-120) or 150 cm (LiteCORE-150), and (c) the COrE+ proposal 
previously submitted to ESA in response to the M4 mission call and its version optCOrE+ with an extended 
mission duration. 

 

3.1      Cosmological Parameters  

The precision of the determination of cosmological parameters will be greatly improved by a CORE-like 
experiment. With the inclusion of the CMB lensing, whose information will be exploited up to the scales 
where linear theory is reliable, the improvement with respect to Planck is extremely significant: a CORE-like 
experiment can simultaneously improve constraints on the cosmological parameters of the concordance 
cosmological model by a factor 7.3 (As), 5.5 (H0, Ωcdmh2), 4.5 (Ωbh2, τ), and 3.4 (ns). The reionization optical 
depth τ is measured down to the cosmic variance limit by all different configurations studied because of the 
high signal-to-noise measurement of the reionization bump in the EE power spectrum. For the other five 
parameters, the telescope size is important: the improvement in the ratio of uncertainty expected from a 
CORE-like over a LiteBIRD-like experiment ranges between a factor 3.4  for ns and 4.3 for H0, respectively. 
For important one-parameter extensions of the concordance cosmological model the figure of merit are the 
following:  
a. A CORE-like experiment alone could detect neutrino masses with an uncertainty on the neutrino mass 
around 0.043 eV, enough  to rule out the inverted mass hierarchy at more than 95 c.l..  
b. A CORE-like experiment could also provide extremely stringent constraints on the neutrino effective 
number Neff with en uncertainty around 0.041. 
c. The primordial Helium abundance Yp can be measured by CORE-like with an uncertainty of 0.0029 that is 
almost a factor two better than current constraints from direct measurements from metal-poor extragalactic 
HII regions. 
d. By measuring the intermediate angular scale CMB polarization with unprecedented accuracy, a CORE-
like will scrutinize with the highest possible detail the process of recombination, improving current 
constraints on the amplitude of the recombination two photons rate by a factor 5. 
Also for these one-parameter extensions a CORE-like experiment constrains the neutrino effective number 
and the primordial helium abundance with a precision about 5 and 3 times better than LiteBIRD alone, 
respectively.  
It is important to stress that the differences between different versions of a CORE-like experiment as CORE-
M5 and COrE+ are of the order of 10% demonstrating the optimization of the design for the proposal 
submitted to the M5 call with a telescope size 20% smaller. 
 
3.2  Inflation 

The precision on key inflationary parameters such as dns /d ln k and Ωk will improve with respect to the 
Planck 2015 release by approximatively factors of 2.9, and 4, respectively. By providing a cosmic variance 
limited measurement of the EE power spectrum up to high multipoles, any of the proposed CORE-like 
configurations will increase the amount of information available on the scalar primordial power spectrum by 
an order of magnitude with respect to current data, and will be able to probe the primordial origin of features 
in the Planck temperature power spectrum at high statistical significance. CORE will determine the nature of 
the initial conditions of primordial fluctuations 2-5 times better than Planck by providing nearly cosmic 
variance limited upper bounds on the allowed isocurvature fraction up to l=3000. As a figure of merit for 
primordial non-Gaussianities, the direct bispectrum measurements by CORE will shrink the allowed fNL 



volume in the three-dimensional Local-Equilateral-Orthogonal (LEO) shape-function space by a factor of 
approximately 20 with respect to the current Planck results. 

We have throughly demonstrated how the telescope size is important for improving the knowledge on the 
statistics and initial conditions for primordial fluctuations. LiteBIRD alone does not bring significant 
improvement to the running of the spectral index and to the constraints on isocurvature perturbations with 
respect to Planck; it can bring some limited improvement for the LEO bispectrum shapes due to the much 
better measurement of polarization, in particular on large angular scales. 

             Concerning B-mode polarization, a first comparison of the different configurations has been done by 
assuming that the lower and higher frequency channels are sufficient to remove completely the foreground 
residuals of the central cosmological channels. Whereas this is probably a good approximation for E-mode 
polarization, it is an optimistic assumption for primordial B-mode for all the configurations considered. 
Since all the different concepts considered target the white noise part of the B-mode signal from lensing, all 
the configurations lead to very similar uncertainties for the tensor-to-scalar r, in the ballpark of 4⋅10-4, when 
considering detector sensitivities only. The various concepts of the CMB space mission considered are 
however different in the capability of partially removing the B-mode lensing signal, i.e. internal delensing. In 
this case, the angular resolution is important and a CORE-like experiment can indeed reach a sensitivity to r 
which is roughly half of the one obtainable by LiteBIRD, always in absence of foreground residuals. 

 
3.3 Effects of observer peculiar motion: science outcome and cosmological tests 

We carried out a detailed and original study (Burigana et al. 2017) of the effects of our peculiar motion with 
respect to the CMB rest frame and of the possibility of using it to extract valuable cosmological information 
from anisotropy missions. The analysis have been performed considering different specifications and has 
been focussed on three specific topics. 

Analysis of possible improvements on dipole determination at each frequency, carried out in real space, since 
sky masking is typically essential in these types of analyses; the main conclusion is that sky sampling quality 
is critical not only for dipole direction estimation but also for dipole amplitude estimation, an aspect crucial 
in particular for the analysis of the dipole frequency dependence. 

Extension of boosting effects to polarization and cross-correlations to get a more robust determination of 
purely velocity-driven effects that are not degenerate with the intrinsic CMB dipole; we found that an 
experiment like CORE can measure this signal independently in temperature and polarization, which 
constitutes a new consistency check, with a signal-to-noise ratio of about 8 for TT, 7 for TE + ET and 7 for 
EE. Overall, CORE can achieve a signal-to-noise ratio of almost 13, which improves on the capabilities of 
Planck (about S/N � 4, only in TT) and is essentially that of an ideal cosmic-variance-limited experiment up 
to l � 2000. Note the importance of performing high-sensitivity measurements at close to arcmin resolution.  

             Analysis of the frequency dependence of dipole spectrum to extract information on CMB spectral distortions 
and on CIB spectrum. Note that absolute and differential approaches can be obviously combined together to 
provide the most reliable results. We expect that the main limitation to CMB spectral distortion parameters 
and CIB amplitude do not come from sensitivity (with the obvious caveat that better sensitivity could help, at 
least in part, the achievement of good systematic mitigation during data analysis) but from foreground 
residuals and calibration uncertainty, parametrized in this study by two global parameters Ecal and Efor. We 
performed dedicated simulations assuming the CORE frequency coverage and sensitivity to forecast the 
potential improvement with respect to FIRAS (see Table 1). 

 

Table 1: Predicted improvement 
in the recovery of the distortion 
parameters discussed in the text 
with respect to FIRAS for 
different calibration and 
foreground residual assumptions. 
“P06” stands for the Planck 
common mask, while “P06ext” 
is the extended P06 mask. When 
not explicitly stated, all values 
refer to Ecal and Efor at Nside = 64. 



 
 

3.4 Extragalactic Sources 

We have investigated the potential of a new generation CMB mission like CORE for studies of extragalactic 
sources. A direct consequence of the extreme sensitivity of modern space-borne CMB missions is that their 
surveys of extragalactic sources are confusion limited. This was already the case for the Planck-HFI which 
however reached the diffraction limit only up to 217 GHz. Since the confusion limit scales roughly as the 
beam solid angle, i.e. as the square of the full width at half maximum (FWHM), an instrument like CORE, 
diffraction limited up to the highest frequencies, will substantially improve over Planck-HFI, even in the 
case of a somewhat smaller telescope. For example, at 545 GHz (550 µm) the Planck beam has an effective 
FWHM=4.83', while the diffraction limit for its 1.5-m telescope is 1.5'. Correspondingly, the estimated 
CORE 4σ completeness limits are of 141 and 82.5 mJy for 1m and 1.5m telescopes, to be compared with the 
90% completeness limit of 555 mJy of the second Planck Catalogue of Compact Sources (PCCS2) in the 
“extragalactic zone” (|b|> 30°).   The advantage is further boosted in terms of the number of detected sources 
by the steepness of the source counts at mm/sub-mm wavelengths.  

Planck has already vividly demonstrated the power of all-sky surveys at these wavelengths in detecting rare 
sources with extreme properties. In particular, Planck detected several of the most extreme, strongly-lensed, 
high-z galaxies, with estimated gravitational amplifications, µ, of up to 50; CORE will detect thousands of 
strongly lensed galaxies.  In addition CORE will provide unbiased, flux limited samples of dense proto-
cluster cores of star-forming galaxies and will detect thousands of sources in polarization, including large 
samples of star-forming galaxies whose global polarization properties are essentially unknown.  

 
4. PERSPECTIVES FOR A CMB SPECTRUM ORIENTED MISSION  

A CORE-like mission has been recognized as the most promising project to analyse CMB anisotropy in 
temperature and, particularly, in polarization in the view of the maximum outcome for B-mode, inflation and 
parameters. On the other hand, the budget quoted by ESA for CORE exceeds that of a medium-size mission, 
requiring substantial parternships, likely also for next calls, or a large-size mission. Similar projects (leaded 
by e.g. S. Hanany) are on-going in the context of NASA mission studies, while a less ambitiuos mission like 
LiteBIRD is approaching the end of JAXA phase-A. 

As anticipated in Sect. 2, a spectrum oriented mission can fill a crucial gap in CMB cosmology. Such a 
mission does not require extreme sensitivity, nor polarization, but a clear improvement in absolute 
calibration or, at least, in frequency relative cross-calibration for differential approaches (see Sect. 3.3). Note 
that the Comptonization-like signal expected by cosmological reionization in realistic astrophysical scenarios 
does not require a NASA PIXIE-like sensitivity, but only an improvement of a factor 10-50 with respect to 
FIRAS, that would be able to set also stronger contraints (or, possibly, to detect) early-type distortions. 
Various types of astrophysical and physical processes can be studied through spectral distortions. Absolute 
and differential methods could be jointly adopted. Long wavelengths are important for both early (Bose-
Einstein like) and late (free-free) distortions: sinergies with ground-based and radio (e.g. SKA) projects are 
crucial in this spectral domain, and, in general, for a better understanding of foreground signals.    



 
5. PEOPLE INVOLVED 
Mario Ballardini, Carlo Burigana, Adriano De Rosa, Gianfranco de Zotti, Fabio Finelli, Vincenzo Galluzzi, 
Alessandro Gruppuso, Giuseppe Malaguti, Nazzareno Mandolesi, Marcella Massardi, Gianluca Morgante, 
Lauro Moscardini, Daniela Paoletti, Tiziana Trombetti. 

REFERENCES 

C. Burigana et al., for the CORE Collaboration, ``Exploring cosmic origins with CORE: effects of observer peculiar motion,'' 
arXiv:1704.05764 [astro-ph.CO], JCAP, accepted. 

P. de Bernardis et al., for the CORE Collaboration, ``Exploring Cosmic Origins with CORE: The Instrument,'' arXiv:1705.02170 
[astro-ph.IM], JCAP, submitted. 
 
G. de Zotti et al., for the CORE Collaboration, ``Exploring Cosmic Origins with CORE: Extragalactic sources in Cosmic Microwave 
Background maps,'' [arXiv:1609.07263 [astro-ph.GA]], JCAP, accepted. 

E. Di Valentino et al., for the CORE Collaboration, ``Exploring Cosmic Origins with CORE: Cosmological Parameters,''  
arXiv:1612.00021 [astro-ph.CO], JCAP, accepted. 

J. Errard et al., “Robust forecasts on fundamental physics from the foreground-obscured, gravitationally-lensed CMB polarization” 
JCAP 1603 (2016).  

F. Finelli et al., for the CORE Collaboration, ``Exploring Cosmic Origins with CORE: Inflation,'' arXiv:1612.08270 [astro-ph.CO], 
JCAP, submitted. 

T. Matsumura et al., ``Mission design of LiteBIRD,'' J. Low. Temp. Phys.  176 (2014) 733, arXiv:1311.2847 [astro-ph.IM]. 


