GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/102915/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Di Valentino, Eleonora, Ade, Peter , Pisano, Giampaolo and Tucker, Carole 2018. Exploring cosmic origins
with CORE: cosmological parameters. Journal of Cosmology and Astroparticle Physics , JCAP04(2018)017.
10.1088/1475-7516/2018/04/017
Publishers page: https://doi.org/10.1088/1475-7516/2018/04/017
Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may

not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




arXiv:1612.00021v2 [astro-ph.CO] 5 Apr 2017

PREPARED FOR SUBMISSION TO JCAP

Exploring Cosmic Origins with
CORE: Cosmological Parameters

Eleonora Di Valentino,'? Thejs Brinckmann,?> Martina Gerbino,*

Vivian Poulin,?® Francois R. Bouchet,! Julien Lesgourgues,?
Alessandro Melchiorri,® Jens Chluba,” Sébastien Clesse,?
Jacques Delabrouille,® Cora Dvorkin,” Francesco Forastieri,'?%
Silvia Galli,! Deanna C. Hooper,> Massimiliano Lattanzi,!*8
Carlos J. A. P. Martins,'! Laura Salvati,’ Giovanni Cabass,°
Andrea Caputo,’ Elena Giusarma,? Eric Hivon,! Paolo
Natoli,'"®* Luca Pagano,'> Simone Paradiso,’ Jose Alberto
Rubifio-Martin,?"?® Ana Achucarro,'®'* Peter Ade,* Rupert
Allison,?' Frederico Arroja,”® Marc Ashdown,?* Mario
Ballardini,'>'%!” A, J. Banday,’"*> Ranajoy Baneriji,® Nicola
Bartolo,'®'%?Y James G. Bartlett,® Soumen Basak,%>® Jochem
Baselmans,”?** Daniel Baumann,?"?> Paolo de Bernardis,®
Marco Bersanelli,> Anna Bonaldi,” Matteo Bonato® Julian
Borrill,’® Francois Boulanger,”” Martin Bucher,® Carlo
Burigana,'®'"19 Alessandro Buzzelli,*** Zhen-Yi Cai,** Martino
Calvo,’® Carla Sofia Carvalho,” Gabriella Castellano,” Anthony
Challinor,?%6! lvan Charles,’® Ivan Colantoni,’° Alessandro
Coppolecchia,’ Martin Crook, Giuseppe D’Alessandro,® Marco
De Petris® Gianfranco De Zotti,?* José Maria Diego,? Josquin
Errard,’> Stephen Feeney,** Raul Fernandez-Cobos?® Simone
Ferraro,?® Fabio Finelli,'%!'” Giancarlo de Gasperis,*®* Ricardo
T. Génova-Santos,?"?® Joaquin Gonzalez-Nuevo,* Sebastian
Grandis,?!'3? Josh Greenslade,?* Steffen Hagstotz,?'*?> Shaul
Hanany,% Will Handley,**3* Dhiraj K. Hazra,® Carlos
Hernandez-Monteagudo,* Carlos Hervias-Caimapo,” Matthew
Hills,? Kimmo Kiiveri,?”® Ted Kisner,”® Thomas Kitching,5
Martin Kunz,? Hannu Kurki-Suonio,*”® Luca Lamagna,’
Anthony Lasenby,**3> Antony Lewis,*® Michele Liguori,!®19:%0
Valtteri Lindholm,3"3®% Marcos Lopez-Caniego,! Gemma Luzzi,
Bruno Maffei,'? Sylvain Martin,’® Enrique Martinez-Gonzalez,?

6



Silvia Masi,® Darragh McCarthy,** Jean-Baptiste Melin,*?
Joseph J. Mohr 33243 Diego Molinari'*16% Alessandro
Monfardini,’¢ Mattia Negrello,** Alessio Notari,’" Alessandro
Paiella,’ Daniela Paoletti,'®!” Guillaume Patanchon,® Francesco
Piacentini,’ Michael Piat,® Giampaolo Pisano,** Linda
Polastri,'”® Gianluca Polenta,’®™ Agnieszka Pollo,”" Miguel
Quartin, % Mathieu Remazeilles,” Matthieu Roman,™
Christophe Ringeval,* Andrea Tartari,® Maurizio Tomasi,’’
Denis Tramonte,?” Neil Trappe,’* Tiziana Trombetti,!6:17:10
Carole Tucker,* Jussi Viliviita,’”*® Rien van de Weygaert,™
Bartjan Van Tent,*® Vincent Vennin,*” Gérard Vermeulen,™
Patricio Vielva.?” Nicola Vittorio,*** Karl Young,% Mario
Zannoni,® for the CORE collaboration

nstitut d’Astrophysique de Paris (UMR7095: CNRS & UPMC-Sorbonne Universités), F-
75014, Paris, France

2Sorbonne Universités, Institut Lagrange de Paris (ILP), F-75014, Paris, France

3Institute for Theoretical Particle Physics and Cosmology (TTK), RWTH Aachen University,
D-52056 Aachen, Germany.

4The Oskar Klein Centre for Cosmoparticle Physics, Department of Physics, Stockholm
University, AlbaNova, SE-106 91 Stockholm, Sweden

SLAPTh, Université Savoie Mont Blanc & CNRS, BP 110, F-74941 Annecy-le-Vieux Cedex,
France.

6Physics Department and Sezione INFN, University of Rome La Sapienza, Ple Aldo Moro 2,
00185, Rome, Italy

"Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, The University of
Manchester, Oxford Road, Manchester, M13 9PL, U.K.

8APC, AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA /Irfu,
Observatoire de Paris Sorbonne Paris Cité, 10, rue Alice Domon et Leonie Duquet, 75205
Paris Cedex 13, France

9Department of Physics, Harvard University, Cambridge, MA 02138, USA

ODipartimento di Fisica e Scienze della Terra, Universita degli Studi di Ferrara, Via Giuseppe
Saragat 1, [-44122 Ferrara, Italy

HCentro de Astrofisica da Universidade do Porto and IA-Porto, Rua das Estrelas, 4150-762
Porto, Portugal

PInstitut d’Astrophysique Spatiale, CNRS, Univ. Paris-Sud, University Paris-Saclay. 121,
91405 Orsay cedex, France

BInstituut-Lorentz for Theoretical Physics, Universiteit Leiden, 2333 CA, Leiden, The Nether-
lands

“4Department of Theoretical Physics, University of the Basque Country UPV/EHU, 48040
Bilbao, Spain

I5DIFA, Dipartimento di Fisica e Astronomia, Alma Mater Studiorum Universita di Bologna,
Viale Berti Pichat, 6/2, 1-40127 Bologna, Italy

I6INAF /TASF Bologna, via Piero Gobetti 101, 1-40129 Bologna, Italy



ITINFN, Sezione di Bologna, Via Irnerio 46, 1-40127 Bologna, Italy

I8DFA, Dipartimento di Fisica e Astronomia “Galileo Galilei”, Universita degli Studi di Padova,
Via Marzolo 8, I-131, Padova, Italy

INFN, Sezione di Padova, Via Marzolo 8, I-35131 Padova, Italy

20INAF-Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, I-35122 Padova, Italy

2IDAMTP, Cambridge University, Cambridge, CB3 OWA, UK

22Institute of Physics, University of Amsterdam, Science Park, Amsterdam, 1090 GL, The
Netherlands

23Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, California, USA

24CAS Key Laboratory for Research in Galaxies and > Cosmology, Department of Astronomy,
University of Science and Technology of China, Hefei, Anhui 230026, China

BIFCA, Instituto de Fisica de Cantabria (UC-CSIC), Av. de Los Castros s/n, 39005 San-
tander, Spain

26Miller Institute for Basic Research in Science, University of California, Berkeley, CA, 94720,
USA

2Tnstituto de Astrofisica de Canarias, C/Via Lactea s/n, La Laguna, Tenerife, Spain

ZDepartamento de Astrofisica, Universidad de La Laguna (ULL), La Laguna, Tenerife, 38206
Spain

29McWilliams Center for Cosmology, Department of Physics, Carnegie Mellon University,
Pittsburgh, PA 15213, USA

30Departamento de Fisica, Universidad de Oviedo, C. Calvo Sotelo s/n, 33007 Oviedo, Spain

3lUniversitéts-Sternwarte, Fakultit fiir Physik, Ludwig-Maximilians Universitat Miinchen,
Scheinerstr. 1, D-81679 Miinchen, Germany

32Excellence Cluster Universe, Boltzmannstr. 2, D-85748 Garching, Germany

33 Astrophysics Group, Imperial College, Blackett Laboratory, Prince Consort Road, London
SW7 2A7Z, UK

34 Astrophysics Group, Cavendish Laboratory, Cambridge, CB3 0HE, UK

35Kavli Institute for Cosmology, Cambridge, CB3 0HA, UK

36Department of Physics and Astronomy, University of Sussex, Falmer, Brighton, BN1 9QH,
UK

37TDepartment of Physics, Gustaf Hallstromin katu 2a, University of Helsinki, Helsinki, Finland

38Helsinki Institute of Physics, Gustaf Hallstromin katu 2, University of Helsinki, Helsinki,
Finland

39Centro de Estudios de Fisica del Cosmos de Aragon (CEFCA), Plaza San Juan, 1, planta
2, E-44001, Teruel, Spain

40D¢partement de Physique Théorique and Center for Astroparticle Physics, Université de
Genéve, 24 quai Ansermet, CH-1211 Genéve 4, Switzerland

41 Buropean Space Agency, ESAC, Planck Science Office, Camino bajo del Castillo, s/n, Ur-
banizacién Villafranca del Castillo, Villanueva de la Canada, Madrid, Spain

42CEA Saclay, DRF /Irfu/SPP, 91191 Gif-sur-Yvette Cedex, France

43Max Planck Institute for Extraterrestrial Physics, Giessenbachstr. 85748 Garching, Ger-
many

44School of Physics and Astronomy, Cardiff University, The Parade, Cardiff CF24 3AA, UK



45 Centre for Cosmology, Particle Physics and Phenomenology, Institute of Mathematics and
Physics, Louvain University, 2 chemin du Cyclotron, 1348 Louvain-la-Neuve, Belgium

46Laboratoire de Physique Théorique (UMR 8627), CNRS, Université Paris-Sud, Université
Paris Saclay, Batiment 210, 91405 Orsay Cedex, France

4TInstitute of Cosmology and Gravitation, University of Portsmouth, Dennis Sciama Building,
Burnaby Road, Portsmouth PO1 3FX, United Kingdom

48Dipartimento di Fisica, Universita di Roma “Tor Vergata”, Via della Ricerca Scientifica 1,
[-00133, Roma, Italy

49INFN Roma 2, via della Ricerca Scientifica 1, I-00133, Roma, Italy

®0Leung Center for Cosmology and Particle Astrophysics, National Taiwan University, No. 1,
Sec. 4, Roosevelt Road, Taipei, 10617 Taipei, Taiwan (R.O.C.)

S1Université de Toulouse, UPS-OMP, IRAP, F-31028 Toulouse Cedex 4, France
P2CNRS, IRAP, 9 Av. colonel Roche, BP 44346, F-31028 Toulouse Cedex 4, France

%3SRON (Netherlands Institute for Space Research), Sorbonnelaan 2, 3584 CA Utrecht, The
Netherlands

S Terahertz Sensing Group, Delft University of Technology, Mekelweg 1, 2628 CD Delft, The
Netherlands

% Dipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133 Milano,
Italy

56Computational Cosmology Center, Lawrence Berkeley National Laboratory, Berkeley, CA
94720, USA

5TIAS (Institut d’Astrophysique Spatiale), UniversitAl Paris Sud, BAé¢timent 121 91405 Orsay,
France

58Univ. Grenoble Alpes, CEA INAC-SBT, 38000 Grenoble, France

Mnstitute of Astrophysics and Space Sciences, University of Lisbon, Tapada da Ajuda, 1349-
018 Lisbon, Portugal

60stituto di Fotonica e Nanotecnologie, CNR, Via Cineto Romano 42, 00156, Roma, Italy

61Institute of Astronomy, Madingley Road, Cambridge CB3 0HA, UK

62STFC Rutherford Appleton Laboratory, Harwell Campus, Didcot OX11 0QX, UK

63Mullard Space Science Laboratory, University College London, Holmbury St. Mary, Darking,
Surrey, RH5 6NT, UK

64Department of Experimental Physics, Maynooth University, Maynooth, County Kildare,
W23 F2H6, Ireland

65School of Physics and Astronomy, University of Minnesota, 116 Church Street SE, Min-
neapolis, Minnesota 55455, United States

66Institut Néel CNRS/UGA UPR2940 25, rue des Martyrs BP 166, 38042 Grenoble Cedex 9,
France

6"Departament de Fisica Quantica i Astrofisica i Institut de Ciéncies del Cosmos (ICCUB),
Universitat de Barcelona, Marti i Franqués 1, E-08028 Barcelona, Spain

68 Agenzia Spaziale Italiana Science Data Center, via del Politecnico, 00133 Roma, Italy

69Department of Physics & Astronomy, Tufts University, 574 Boston Avenue, Medford, MA,
USA

INAF, Osservatorio Astronomico di Roma, via di Frascati 33, Monte Porzio Catone, Italy

"INational Centre for Nuclear Research, ul. Hoza 69, 00-681 Warszawa, Poland



72 Astronomical Observatory of the Jagiellonian University, Orla 171, 30-001 Cracow, Poland

TInstituto de Fisica, Universidade Federal do Rio de Janeiro, 21941-972, Rio de Janeiro, RJ,
Brazil

"Institut Lagrange, LPNHE, place Jussieu 4, 75005 Paris, France.

INAF, IASF Milano, Via E. Bassini 15, Milano, Italy

Institut NEEL CNRS/UGA UPR2940, 25 rue des Martyrs BP 166 38042 Grenoble cedex
9, France

"nstitute for Theoretical Physics and Center for Extreme Matter and Emergent Phenomena,
Utrecht University, Princetonplein 5, 3584 CC Utrecht, The Netherlands

®Kapteyn Astronomical Institute, University of Groningen, P.O. Box 800, 9700AV Groningen,
The Netherlands

™Dipartimento di Fisica, Universita di Milano Bicocca, Milano, Italy

80INFN, sezione di Milano Bicocca, Milano, Italy

81Observatério do Valongo, Universidade Federal do Rio de Janeiro, Ladeira Pedro Antonio
43, 20080-090, Rio de Janeiro, Brazil

82Department of Physics, Amrita School of Arts & Sciences, Amritapuri, Amrita Vishwa
Vidyapeetham, Amrita University, Kerala 690525, India

83SISSA, Astrophysics Sector, via Bonomea 265, 34136 Trieste, Italy

84INFN Sezione di Ferrara, Universita degli Studi di Ferrara, Via Giuseppe Saragat 1, [-44122
Ferrara, Italy
E-mail: bouchet@iap.fr,lesgourg@physik.rwth-aachen.de,
alessandro.melchiorri@romal.infn.it

Abstract. We forecast the main cosmological parameter constraints achievable with the

CORE space mission which is dedicated to mapping the polarisation of the Cosmic Microwave

Background (CMB). CORE was recently submitted in response to ESA’s fifth call for medium-

sized mission proposals (M5). Here we report the results from our pre-submission study of the

impact of various instrumental options, in particular the telescope size and sensitivity level,

and review the great, transformative potential of the mission as proposed. Specifically, we

assess the impact on a broad range of fundamental parameters of our Universe as a function

of the expected CMB characteristics, with other papers in the series focusing on controlling

astrophysical and instrumental residual systematics. In this paper, we assume that only a

few central CORE frequency channels are usable for our purpose, all others being devoted

to the cleaning of astrophysical contaminants. On the theoretical side, we assume ACDM as

our general framework and quantify the improvement provided by CORE over the current

constraints from the Planck 2015 release. We also study the joint sensitivity of CORE and

of future Baryon Acoustic Oscillation and Large Scale Structure experiments like DESI and

Euclid. Specific constraints on the physics of inflation are presented in another paper of the

series. In addition to the six parameters of the base ACDM, which describe the matter content

of a spatially flat universe with adiabatic and scalar primordial fluctuations from inflation, we

derive the precision achievable on parameters like those describing curvature, neutrino physics,

extra light relics, primordial helium abundance, dark matter annihilation, recombination

physics, variation of fundamental constants, dark energy, modified gravity, reionization and

cosmic birefringence. In addition to assessing the improvement on the precision of individual

parameters, we also forecast the post-CORE overall reduction of the allowed parameter space

with figures of merit for various models increasing by as much as ~ 107 as compared to Planck

2015, and 10° with respect to Planck 2015 + future BAO measurements.
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1 Introduction

In the quarter century since their first firm detection by the COBE satellite [1|, Cosmic
Microwave Background (CMB) anisotropies have revolutionized the field of cosmology with an
enormous impact on several branches of astrophysics and particle physics. From observations
made by ground-based experiments such as TOCO [2], DASI [3] and ACBAR [4], balloon-
borne experiments like BOOMERanG [5, 6], MAXIMA [7| and Archeops 8], and satellite
experiments such as COBE, WMAP [9, 10] and, more recently, Planck [11, 12], a cosmological
"concordance" model has emerged, in which the need for new physics beyond the standard
model of particles is blatantly evident. The impressive experimental progress in detector
sensitivity and observational techniques, combined with the accuracy of linear perturbation
theory, have clearly identified the CMB as the "sweet spot" from which to accurately constrain
cosmological parameters and fundamental physics. Such a fact calls for new and significantly
improved measurements of CMB anisotropies, to continue mining their scientific content.

In particular, observations of the CMB angular power spectrum are not only in im-
pressive agreement with the expectations of the so-called ACDM model, based on cold dark
matter (CDM hereafter), inflation and a cosmological constant, but they now also constrain
several parameters with exquisite precision. For example, the cold dark matter density is now
constrained to 1.25% accuracy using recent Planck measurements, naively yielding an evi-
dence for CDM at about ~ 80 standard deviations (see [12]). Cosmology is indeed extremely
powerful in identifying CDM, since on cosmological scales the gravitational effect of CDM
are cleaner and can be precisely discriminated from those of standard baryonic matter. In
this respect, no other cosmological observable aside from the CMB could show, if considered
alone, the need for CDM to such a level of significance. Moreover, the cosmological signatures
of CDM rely mainly on gravity, while astrophysical searches of DM annihilating or decaying
into standard model particles depend on the strength of the interaction. Similarly, a possible
signal in underground laboratory experiments depends on the coupling between CDM parti-
cles and ordinary matter (nuclei and electrons). It is possible to construct CDM models that
could interact essentially just through gravity, and the current lack of detection of CDM in
underground and astrophysics experiments is leaving this possibility open. If this is the case,



structure formation on cosmological scales could result in the best observatory we have where
to study the CDM properties, and a further improvement from future CMB measurements
will clearly play a crucial and complementary role. The CMB even allows to put bounds on
the stability and decay time of CDM through purely gravitational effects [14-17].

CMB measurements also provide an extremely stringent constraint on standard baryonic
matter. The recent results from Planck constrain the baryonic content with a 0.7% accuracy,
nearly a factor 2 better than the present constraints derived from primordial deuterium mea-
surements [18], obtained assuming standard Big Bang Nucleosynthesis. In this respect, the
experimental uncertainties on nuclear rates like d(p,v)*He that enter in BBN computations
are starting to be relevant for accurate estimates of the baryon content from measurements of
primordial nuclides. A combination of CMB and primordial deuterium measurements is start-
ing to produce independent bounds on these quantities (see, e.g. {19, 20]). As a matter of fact,
a further improvement in the determination of the baryon density is mainly expected from
future CMB anisotropy measurements and could help not only in testing the BBN scenario
but also in providing independent constraints on nuclear physics.

In this direction, it is also important to stress that CMB measurements are already so
accurate that they are able to constrain some aspects of the physics of hydrogen recombina-
tion, such as the 2s — 1s two photon decay channel transition rate, with a precision higher
than current experimental estimates [12]. New CMB measurements can, therefore, consider-
ably improve our knowledge of the physics of recombination. Since primordial Helium also
recombines, albeit at higher redshifts, the CMB is sensitive to the primordial *He abundance
which lowers the free electron number density at recombination. The Planck mission already
detected the presence of primordial Helium at the level of ~ 10 standard deviation [12].
Next-generation CMB experiments could significantly improve this measurement, reaching a
precision comparable with current direct measurements from extragalactic HII regions that
may, however, still be plagued by systematics [21, 22|. Constraining the physics of recombi-
nation will also bound the possible presence of extra ionizing photons that could be produced
by dark matter self annihilation or decay (see e.g. [23, 24, 26-28]). The Planck 2015 data
release already produced significant constraints on dark matter annihilation at recombination
that are fully complementary to those derived from laboratory and astrophysical experiments
[12].

The CMB is also a powerful probe of the density and properties of "light" particles, i.e.
particles with masses below ~ 1 eV that become non-relativistic between recombination (at
redshift z ~ 1100, when the primary CMB anisotropies are visible) and today. Such particles
may affect primary and secondary CMB anisotropies, as well as structure formation. In par-
ticular, this can change the amplitude of gravitational lensing produced by the intervening
matter fluctuations (|29]) and leave clear signatures in the CMB power spectra. Neutrinos
are the most natural candidate to leave such an imprint (see e.g. [30, 31]). From neutrino
oscillation experiments we indeed know that neutrinos are massive and that their total mass
summed over the three eigenstates should be larger than M, > 60 meV in the case of a nor-
mal hierarchy and of M, > 100 meV in the case of an inverted hierarchy (see e.g. [32-34] for
recent reviews of the current data). The most recent constraints from Planck measurements
(temperature, polarization and CMB lensing) bound the total mass to M, < 140 meV [35] at
95% c.l. Clearly, an improvement of the constraint towards a sensitivity of o(M,) ~ 30 meV
will provide a guaranteed discovery for the neutrino absolute mass scale and for the neutrino
mass hierarchy (see e.g. [36-39|). Neutrinos are firmly established in the standard model of
particle physics and a non-detection of the neutrino mass would cast serious doubts on the



ACDM model, opening the window to new physics in the dark sector, such as, for instance,
interactions between neutrinos and new light particles [40]. On the other hand, several exten-
sions of the standard model of particle physics feature light relic particles that could produce
effects similar to massive neutrinos, and might be detected or strongly constrained by future
CMB measurements. Thermal light axions (see e.g. [41-43]), for example, can produce very
similar effects. Axions change the growth of structure formation after decoupling and increase
the energy density in relativistic particles at early times!, parametrized by the quantity Neg.
Models of thermal axions will be difficult to accommodate with a value of N.g < 3.25, and
a CMB experiment with a sensitivity of ANeg = 0.04 could significantly rule out or confirm
their existence. Other possible candidates are light sterile neutrinos and asymmetric dark
matter (see e.g. [44-46] and [47]). More generally, a sensitivity to ANeg = 0.04 could rule
out the presence of any thermally-decoupled Goldstone boson that decoupled after the QCD
phase transition (see e.g. [48]). The same sensitivity would also probe non-standard neutrino
decoupling (see e.g. [49]) and the possibility of a low reheating temperature of the order of
O(MeV) [50].

In combination with galaxy clustering and type Ia luminosity distances, CMB measure-
ments from Planck have also provided the tightest constraints on the dark energy equation
of state w [12|. In particular, the current tension between the Planck value and the HST
value of the Hubble constant from Riess et al. 2016 [51] could be resolved by invoking an
equation of state w < —1 [52]. Planck alone is currently unable to constrain the equation of
state w and the Hubble constant Hg independently, due to a "geometrical degeneracy" be-
tween the two parameters. An improved measurement of the CMB anisotropies could break
this degeneracy, produce two independent constraints on w and Hy, and possibly resolve the
current tension on the value of the Hubble constant. Moreover, modified gravity models have
been proposed that could provide an explanation to the current accelerated expansion of our
universe. The CMB can be sensitive to modifications of General Relativity through CMB
lensing and the late Integrated Sachs-Wolfe (ISW) effect. Current Planck measurements are
compatible with certain types of departures from GR (and even prefer such models, albeit at
small statistical significance, see [53]). Future CMB measurements are, therefore, extremely
important in addressing this issue.

In order to further improve current measurements and provide deeper insight on the
nature of dark matter and dark energy, a CMB satellite mission is clearly our ultimate goal.
This does, however, raise two fundamental questions. The first one is whether we really need
to go to space and launch a new satellite, given that several other ground-based and balloon-
borne experiments are under discussion or already under construction (see e.g. [56]). In
fifteen years it is certainly reasonable to assume that these experiments will collect excellent
data that could, in principle, constrain cosmological parameters to similar precision. How-
ever, there is a fundamental aspect to consider: ground-based experiments have very limited
frequency coverage and sample just a portion of the CMB sky. Contaminations from un-
known foregrounds can be extremely dangerous for ground-based experiments, and can easily
fool us. The claimed detection of a primordial Gravitational Waves (GW) background from
the BICEP2 experiment [57| was latter ruled out by Planck observations at high frequencies,
showing that contaminations from thermal dust in our Galaxy are far more severe than antic-
ipated. This shows that unprecedented control of systematics and a wide frequency coverage
are required, both of which call for a space-based mission. In fact, future ground-based and

!The effective neutrino number Neg is normally defined at times such that all “light” particles (neutrinos,
axions, etc.) are still ultra relativistic.



satellite experiments must be seen as complementary: while ground-based experiments could
provide a first hint for primordial GWs or neutrino masses, a satellite experiment could mon-
itor the frequency dependence of the corresponding signal with the highest possible accuracy,
and unambiguously confirm its primordial nature.

Moreover, most of the future galaxy and cosmic shear surveys will sample several ex-
tended regions of the sky. Cross correlations with CMB data in the same sky area will offer
a unique opportunity to test for systematics and new physics. It is, therefore, clear that a
full sky survey from a satellite will offer much more complete, consistent and homogeneous
information than several ground based observations of sky patches. Moreover, an accurate
full-sky map of CMB polarisation on large angular scales can provide extremely strong con-
straints on the reionization optical depth, breaking degeneracies with other parameters such
as neutrino masses.

The second fundamental question related to a new CMB satellite proposal arises from
the fact that after increasing sensitivity and frequency coverage, one has to deal with the
intrinsic limit of cosmic variance. At a certain point, no matter how much we increase the
instrumental sensitivity, we reach the cosmic variance limit and stop improving the precision
of parameter estimates. This clearly opens the following issue: how close are we from cosmic
variance with current CMB data? The Planck satellite measured the temperature angular
spectrum up to the limit of cosmic variance in a wide range of angular scales; however, we
are far from this limit when we consider polarization spectra. But how much can current
constraints improve with a future CMB satellite?

This is exactly the question we want to address in this paper. Assuming that foregrounds
and systematics are under control, as should be the case with a well-designed satellite mission,
we study by how much current constraints can improve, and find whether these improvements
are worth the effort. In this respect, we adopt the proposed baseline experimental configu-
ration of the recent CORE satellite proposal [59], submitted in response to ESA’s call for a
Medium-size mission opportunity (M5) as the successor of the Planck satellite. We refer to
this experimental configuration (with a ~ 120 cm mirror) as CORE-MS5 in all the next sec-
tions of this paper. We compare the results from CORE-M5 with other possible experimental
configurations that range from a minimal and less expensive configuration (LiteCORE-80),
with a ~ 80 cm mirror, aimed mainly at measuring large and mid-range angular scale po-
larization, up to a much more ambitious configuration (COrE+), with a ~ 150 ¢cm mirror.
Given different experimental configurations, we forecast the achievable constraints assuming
a large number of possible models, trying to review most of the science that could be ex-
tracted from the CORE data (with the exception of constraints on GWs and on inflation,
addressed separately in a companion paper [60]). After a description of the analysis method
in Section II, we start in Section III by providing the constraints achievable under the context
of the ACDM concordance model. We then review the constraints that could be obtained on
spatial curvature (Section IV), extra relativistic relics (Section V), primordial nucleosynthesis
and Helium abundance (Section VI), neutrinos (Section VII), dark energy (Section VIII),
extended parameters spaces (Section IX), recombination (Section X), Dark Matter annihila-
tion and decay (Section XI), variation of fundamental constants (Section XII), reionization
(Section XIII), modified gravity (Section XIV) and cosmic birefringence (Section XV).

This work is part of a series of papers that present the science achievable by the CORE
space mission and focuses on the constraints on cosmological parameters and fundamental
physics that can be derived from future measurements of CMB temperature and polarization
angular power spectra and lensing. The constraints on inflationary models are discussed



in detail in a companion paper [60] while the cosmological constraints from complementary
galaxy clusters data provided by CORE are presented in [61]. The impact of CORE on the
study of extragalactic sources is presented in [62].



2 Experimental setup and fiducial model

We run Monte Carlo Markhov Chains (MCMC) forecasts for several possible experimental
configurations of the CORE CMB satellite, following the commonly used approach described
for example in [63] and [64]. The method consists in generating mock data according to
some fiducial model. One then postulates a Gaussian likelihood with some instrumental noise
level, and fits theoretical predictions for various cosmological models to the mock data, using
standard Bayesian extraction techniques. For the purpose of studying the sensitivity of the
experiment to each cosmological parameter, as well as parameter degeneracies and possible
parameter extraction biases, it is sufficient to set the mock data spectrum equal to the fiducial
spectrum, instead of generating random realisations of the fiducial model.

Unless otherwise specified, we choose a fiducial minimal ACDM model compatible with
the recent Planck 2015 results [35], i.e. with baryon density Q,h? = 0.02218, cold dark matter
density Q2.h? = 0.1205, spectral index n, = 0.9619, and optical depth 7 = 0.0596. This model
also assumes a flat universe with a cosmological constant, 3 neutrinos with effective number
Neg = 3.046 (with masses and hierarchy that change according to the case under study), and
standard recombination.

We use publicly available Boltzmann codes to calculate the corresponding theoretical
angular power spectra CZT, C’ETE , CéEE for temperature, cross temperature-polarization and
polarization?. Depending on cases, we use either CAMB? [65] or CLASS? [66, 67], which are
known to agree at a high degree of precision [68-70].

In the mock likelihoods, the variance of the “observed” multipoles a;,;,’s is given by the
sum of the fiducial Cy’s and of an instrumental noise spectrum given by:

Ny =w texp(f(£+1)6%/81n2), (2.1)

where 0 is the FWHM of the beam assuming a Gaussian profile and where w™! is the exper-
imental power noise related to the detectors sensitivity o by w=1 = (0)2.

As we discussed in the introduction, we adopt as main dataset the one presented for the
recent CORE proposal, a complete survey of polarised sky emission in 19 frequency bands,
with sensitivity and angular resolution requirements summarized in Table 1.

Obviously, data from low (60-115 GHz) and high frequencies (255-600 GHz) channels will
be mainly used for monitoring foreground contaminations (and deliver rich related science).
In our forecasts we therefore use only the six channels in the frequency range of 130—220 GHZ.
As stated in the introduction we will refer to this experimental configuration as CORE-MS5.

In what follows we also compare the baseline CORE-M5 configuration with other four
possible versions: LiteCORE-80, LiteCORE-120, LiteCORE-150 and COrE+. Experimental
specifications for these configurations are given in Table 2. We assume that beam uncertainties
are small and that uncertainties due to foreground removal are smaller than statistical errors.
In Figure 1, for each configuration, we show the variance C; + N; compared to the fiducial
model C; for the temperature (left) and polarisation (middle) auto-correlation spectra. The
data are cosmic-variance-limited up to the multipole at which this variance departs from the
fiducial model.

Together with the primary anisotropy signal, we also take into account information from
CMB weak lensing, considering the power spectrum of the CMB lensing potential Cfp. In

ZNote that we don’t consider the B mode lensing channel.
3http://camb.info/
“http://class-code.net



channel | beam | Nget AT AP AT AT Ay x 10° | PS (50)
GHz arcmin pK.arcmin | pK.arcmin | pKgrg.aremin | kJy/sr.arcmin | ysz.arcmin mJy
60 17.87 48 7.5 10.6 6.81 0.75 -1.5 5.0
70 15.39 48 7.1 10 6.23 0.94 -1.5 5.4
80 13.52 48 6.8 9.6 5.76 1.13 -1.5 5.7
90 12.08 78 5.1 7.3 4.19 1.04 -1.2 4.7
100 10.92 78 5.0 7.1 3.90 1.2 -1.2 4.9
115 9.56 76 5.0 7.0 3.58 1.45 -1.3 5.2
130 8.51 124 3.9 5.5 2.55 1.32 -1.2 4.2
145 7.68 144 3.6 5.1 2.16 1.39 -1.3 4.0
160 7.01 144 3.7 5.2 1.98 1.55 -1.6 4.1
175 6.45 160 3.6 5.1 1.72 1.62 -2.1 3.9
195 5.84 192 3.5 4.9 1.41 1.65 -3.8 3.6
220 5.23 192 3.8 5.4 1.24 1.85 - 3.6
255 4.57 128 5.6 7.9 1.30 2.59 3.5 4.4
295 3.99 128 74 10.5 1.12 3.01 2.2 4.5
340 3.49 128 11.1 15.7 1.01 3.57 2.0 4.7
390 3.06 96 22.0 31.1 1.08 5.05 2.8 5.8
450 2.65 96 45.9 64.9 1.04 6.48 4.3 6.5
520 2.29 96 116.6 164.8 1.03 8.56 8.3 7.4
600 1.98 96 358.3 506.7 1.03 11.4 20.0 8.5
’ Array ‘ ‘ 2100 ‘ 1.2 1.7 0.41 ‘ ‘

Table 1. Proposed CORE-M5 frequency channels. The sensitivity is calculated assuming Av/v =
30% bandwidth, 60% optical efficiency, total noise of twice the expected photon noise from the sky
and the optics of the instrument at 40K temperature. This configuration has 2100 detectors, about
45% of which are located in CMB channels between 130 and 220 GHz. Those six CMB channels yield
an aggregated CMB sensitivity of 2 uK.arcmin (1.7 uK.arcmin for the full array).

what follows we use the quadratic estimator method of Hu & Okamoto [71], that provides
an algorithm for estimating the corresponding noise spectrum N, ZP P from the observed CMB
primary anisotropy and noise power spectra. Like in [72], we use here the noise spectrum
N, tzp P associated to the EB estimator of lensing, which is the most sensitive one for all CORE
configurations (out of all pairs of maps). We occasionally repeated the analysis with the
actual minimum variance estimator, and found very similar results. Figure 1 shows that the
lensing reconstruction noise is different on all scales for the various configurations.

CORE-MS5 is clearly sensitive also to the BB lensing polarization signal, but here we take
the conservative approach to not include it in the forecasts. This leaves open the possibility
to use this channel for further checks for foregrounds contamination and systematics. Note
that in this work, we consider fiducial models with negligible primordial gravitational waves
from inflation. Otherwise, the BB channel would contain primary signal on large angular
scales and could not be neglected. The sensitivity of CORE-M5 to primordial gravitational
waves is studied separately and with a different methodology in a companion paper [60].
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Figure 1. Fiducial model and variance C; + N; of each data point a;,, given the sensitivity of
each CORE configuration (Planck is also shown for comparison). As long as the variance traces the
fiducial model, the data is cosmic variance limited. This happens down to different angular scales for
the temperature (left) and E-mode polarisation (middle). For CMB lensing extraction (right), on all
scales, there is a substantial difference between the noise level of the different configurations.

We generate fiducial and noise spectra with noise properties as reported in Table 2.
Once a mock dataset is produced we compare a generic theoretical model through a Gaussian
likelihood £ defined as

_21n£:zl:(2l+1)fsky <‘g’—|—ln:g: - ) , (2.2)

where C; and Cj are the fiducial and theoretical spectra plus noise respectively, IC|, |C’ | denote
the determinants of the theoretical and observed data covariance matrices respectively,

— — — — — 2 — — 2 —
IC| = CTCPPCry = (CFF) Ot = (CF7) " CFF (2.3)
~ ~ ~ ~ ~ 2 . ~ 2,
Cl = CITCFECE? — (CTF) ¢fF - (CTP) CF” (2.4)

D is defined as
D = CITCFECEP 4+ CFTCFPCE? + CITCPECET
~CTP (CTECET 4 20T FCET)
~CFP (CTPCEP 4 20TPCEF), (2.5)

and finally f, is the sky fraction sampled by the experiment after foregrounds removal.
Note that for temperature and polarization, C; and C’l could be defined to include the
lensed or unlensed fiducial and theoretical spectra, and in both cases the above likelihood is
slightly incorrect. If we use the unlensed spectra, we optimistically assume that we will be able
to do a perfect de-lensing of the T" and E map, based on the measurement of the lensing map
with quadratic estimators. If we use the lensed spectra, we take the risk of double-counting
the same information in two observables which are not statistically independent: the lensing
spectrum, and the lensing corrections to the T7T, EE and T'E spectra. To deal with this



Channel [GHz] | FWMH [arcmin] | AT [pK arcmin| | AP [pK arcmin]
LiteCORE-80, lmax = 2400, faey = 0.7
80 20.2 8.8 12.5
90 17.8 7.1 10.0
100 15.8 8.5 12.0
120 13.2 6.7 9.5
140 11.2 5.3 7.5
166 8.5 5.0 7.0
195 8.1 3.6 5.0
LiteCORE-120, lmax = 3000, fsq = 0.7
80 13.5 8.8 12.5
90 11.9 7.1 10.0
100 10.5 8.5 12.0
120 8.8 6.7 9.5
140 7.4 5.3 7.5
166 6.3 5.0 7.0
195 5.4 3.6 5.0
LiteCORE-150, Imax = 3000, fuy = 0.7
) 10.8 8.8 12.5
90 9.5 7.1 10.0
100 8.4 8.5 12.0
120 7.0 6.7 9.5
140 5.9 5.3 7.5
166 5.0 5.0 7.0
195 4.3 3.6 5.0
COrE+, lnax = 3000, foy = 0.7
100 8.4 6.0 8.5
115 7.3 5.0 7.0
130 6.5 4.2 5.9
145 5.8 3.6 5.0
160 5.3 3.8 5.4
175 4.8 3.8 5.3
195 4.3 3.8 5.3
220 3.8 5.8 8.1

Table 2. Experimental specifications for LiteCORE-80, LiteCORE-120, LiteCORE-150 and COrE+:
Frequency channels dedicated to cosmology, beam width, temperature and polarization sensitivities
for each channel.



issue, one could adopt a more advanced formalism including non-Gaussian corrections, like
in [74, 75]. However, we performed dedicated forecasts to compare the two approximate
Gaussian likelihoods, and even with the best sensitivity settings of COrE+ we found nearly
indistinguishable results (at least for the ACDM+M, model). The reconstructed parameter
errors change by negligible amounts between the two cases. The biggest impact is on the
error on the sound horizon angular scale o(fs), which is 5% smaller when using unlensed
spectra, because perfect delensing would allow to better identify the primary peak scales.
When using the lensed spectra, we do not observe any statistically significant reduction of
the error bars, and we conclude that over-counting the lensing information is not important
for an experiment with the sensitivity of COrE+. Hence in the rest of this work we choose
to always use the version of the Gaussian likelihood that includes lensed T7T, EE and TFE
spectra. We will usually refer to our full CMB likelihoods with the acronym “TEP”, standing
for “Temperature, E-polarisation and lensing Potential data”.

Depending on cases, we derive constraints from simulated data using a modified version
of the publicly available Markov Chain Monte Carlo package CosMOMC? [76], or with the
MONTEPYTHON® [77] package. With both codes, we normally sample parameters with the
Metropolis-Hastings algorithm, with a convergence diagnostic based on the Gelman and Rubin
statistic performed. In exceptional cases, we switch the MONTEPYTHON sampling method
to MULTINEST [78].

In what follows we consider temperature and polarization power spectrum data up to
fmax = 3000, due to possible unresolved foreground contamination at smaller angular scales
and larger multipoles. We run CAMB-+CosMOMC and CLASS+MONTEPYTHON with en-
hanced accuracy settings’, including non-linear corrections to the lensing spectrum computed
with the latest version of HALOFIT [79]. We performed several consistency checks proving
that the two pipelines produce identical results.

We also include a few external mock data sets in combination with CORE. For the
BAO scale reconstruction, we included a mock likelihood for a high precision spectroscopic
survey like DESI (Dark Energy Spectroscopic Instrument [80]). For simplicity, our DESI
mock data consists in the measurement of the “angular diameter distance to sound horizon
scale ratio”, D4 /s, at 18 redshifts ranging from 0.15 to 1.85, with uncorrelated errors given
by the second column of Table V in [81]. For the matter power spectrum reconstruction,
we simulate data corresponding to the tomographic weak lensing survey of Euclid. We used
the public euclid_lensing mock likelihood of MONTEPYTHON, with sensitivity parameters
identical to the default settings of version 2.2.2. (matched to the current recommendations of
the Euclid science working group). Integrals in wavenumber space are conservatively limited
to the range k < 0.5h/Mpc, to avoid propagating systematic errors from deeply non-linear
scales. For simplicity we do not include extra observables from Euclid (galaxy power spectrum,
cluster counts, BAO scale...) which would further decrease error bars. Hence we expect our
CORE + Euclid forecasts to be very conservative.

http://cosmologist.info

Shttp://baudren.github.io/montepython.html

"For CAMB+CosmoMC we checked that: accuracy_setting=1, high_accuracy_default = T is suffi-
cient. For CLASS+MONTEPYTHON we increased a bunch of precision parameter values with respect to the
default of version 2.4.4:
tol_background_integration = 1.e-3, tol_thermo_integration = 1.e-3, tol_perturb_integration
= 1.e-6, reionization_optical_depth_tol = 1.e-5, 1_logstep 1.08, 1_linstep = 25,
perturb_sampling_stepsize = 0.04, delta_l_max = 1000.
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3 ACDM and derived parameters

3.1 Future constraints from CORE

Adopting the method presented in the previous section, here we forecast the achievable
constraints on cosmological parameters from CORE in four configurations: LiteCORE-80,
LiteCORE-120, CORE-M5 and COrE+. We work in the framework of the ACDM model,
that assumes a flat universe with a cosmological constant, and is based on 6 parameters:
the baryon Q,h? and cold dark matter Q.h? densities, the amplitude A, and spectral index
ng of primordial inflationary perturbations, the optical depth to reionization 7, and the an-
gular size of the sound horizon at recombination 5. Assuming ACDM, constraints can be
subsequently obtained on "derived" parameters (i.e. that are not varied during the MCMC
process) such as the Hubble constant Hy and the r.m.s. amplitude of matter fluctuations on
spheres of 8Mpc~'h; og. The ACDM model has been shown to be in good agreement with
current measurements of CMB anisotropies (see e.g. [12]) and is therefore mandatory to first
consider the future possible improvement provided by a CMB satellite experiment such as
CORE on the accuracy of its parameters.

Parameter LiteCORE-80, TEP LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP
Qph? 0.022182 4 0.000052(2.9) | 0.022180 = 0.000041(3.75) | 0.022182 + 0.000037(4.0) | 0.022180 + 0.000033 (4.5)
Q.h? 0.12047 = 0.00033 (4.1) 0.12049 + 0.00030(4.8) 0.12048 + 0.00026(5.4) | 0.12048 + 0.00026 (5.4)

1000arc 1.040691 = 0.000097(3.2) | 1.040691 % 0.000082(3.7) | 1.040691 = 0.000078(4.0) | 1.040693 & 0.000073(4.3)
B 0.0598 & 0.0020(4.1) 0.0597 & 0.0020(4.5) 0.0597 & 0.0020(4.5) 0.0597 & 0.0020(4.5)
ns 0.9619 4 0.0016(2.8) 0.9620 =+ 0.0015(3.0) 0.9619 & 0.0014(3.2) 0.9619 4 0.0014(3.2)

In(10"° Ay) 3.0563 & 0.0037(3.9) 3.0562 = 0.0035(4.3) 3.0563 £ 0.0035(5.1) 3.0562 & 0.0034(5.3)

Ho[km/s/Mpc] 66.96 & 0.14(4.4) 66.95 = 0.12(5.2) 66.96 = 0.11(5.6) 66.95 % 0.10(6.2)
os 0.8173 4 0.0014(5.8) 0.8173 + 0.0012(7.4) 0.8172 + 0.0011(7.8) 0.8173 £ 0.0010(8.6)

Table 3. Forecasted constraints at 68% c.l. on cosmological parameters assuming standard ACDM for
the CORE-MS5 proposal and for three other possible CORE experimental configurations. The dataset
used includes TT, EE, TE angular spectra and information from Planck CMB lensing. The numbers
in parenthesis show the improvement i = o7lm* /oCORE with respect to the current constraints
coming from the Planck satellite.

Our results are reported in Table 3, where we show the constraints at 68% c.l. on
the cosmological parameters from CORE-M5 and we compare the results with three other
possible experimental configurations: LiteCORE-80, LiteCORE-120 and COrE+. Besides
the standard 6 parameters we also show the constraints obtained on derived parameters such
as the Hubble constant Hy and the amplitude of density fluctuations og.

3.2 Improvement with respect to the Planck 2015 release

In Table 3 we also show the improvement in the accuracy with respect to the most recent
constraints coming from the TT, TE and EE angular spectra data from the Planck satellite
[35] simply defined as i = gPlanck | oCORE  As we can see, even the cheapest configuration
of LiteCORE-80 could improve current constraints with respect to Planck by a factor that
ranges between ~ 3, for the scalar spectral index ng, and ~ 6, for the og density fluctuations
amplitude. The most ambitious configuration, COrE+, could lead to even more significant
improvements: up to a factor ~ 8 in og and up to a factor ~ 6 for Hy, for example. Similar
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IPlan(:k TT,lTE,EE+IOV\|/TEB 00228 B Pllanck TT,lTE,EE+|(LWTEB_
0.875 | -
CORE-M5 CORE-M5
COrE+ 0.0225 | COrE+_|
0.850 | - o
0 <
@) 0
0.825 |- 41 G 00222 §
0.800 |- - 0.0219 |- -
] ] ] ] ] ]
66.0 67.5 69.0 0.117 0.120 0.123

Ho Q. h?

Figure 2. 2D posteriors in the og vs Hy plane (left panel) and on the Q,h? vs Q.h? plane (right
panel) from the recent Planck 2015 data release (temperature and anisotropy) and from the simulated
LiteCORE-80, CORE-M5 and COrE+ experimental configurations. ACDM is assumed for the CORE
simulations. The improvement of any CORE configuration in constraining parameters with respect
to Planck is clearly visible.

constraints can be achieved by the proposed CORE-M5 configuration. The improvement
with respect to current Planck measurements is clearly visible in Figure 2, where we show
the 2D posteriors in the og vs Hp plane (left panel) and on the Qh? vs Q.h? plane (right
panel) from the recent Planck 2015 data release (temperature and polarization) and from the
LiteCORE-80, CORE-Mb5 and COrE+ experimental configurations. These numbers clearly
indicate that there is still a significant amount of information that can be extracted from the
CMB angular spectra even after the very precise Planck measurements. It is also important
to note that the most significant improvements are on two key observables: og and the
Hubble constant Hy that can be measured in several other independent ways. A precise
measurement of these parameters, therefore, offers the opportunity for a powerful test of the
standard cosmological model. It should indeed also be noticed that the recent determination
of the Hubble constant from observations of luminosity distances of Riess et al. (2016) [51]
is in conflict at above 3 standard deviations with respect to the value obtained by Planck
(see also [83, 84]). A significantly higher value of the Hubble constant has also recently been
reported by the HOLICOW collaboration [85], from a joint analysis of three multiply-imaged
quasar systems with measured gravitational time delays. Furthermore, values of og inferred
from cosmic shear galaxy surveys such as CFHTLenS [86] and KiDS [87] are in tension above
two standard deviations with Planck. While systematics can clearly play a role, new physics
has been invoked to explain these tensions (see e.g. [52, 88-93]) and future and improved
CMB determinations of Hy and og are crucial in testing this possibility.

3.3 Comparison between the different CORE configurations

It is interesting to compare the results between the different experimental configurations as
reported in Table 3 and as we can also visually see in Figure 3, where we show a triangular
plot for the 2D posteriors from LiteCORE-80, CORE-M5 and COrE+.
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Figure 3. 2D posteriors for several combinations of parameters for the LiteCORE-80, CORE-M5
and COrE+ experimental configurations. ACDM is assumed as the underlying fiducial model.

We find four main conclusions from this comparison:

e When we move from LiteCORE-80 to COrE+ we notice an improvement of a factor
~ 1.6 on the determination of the baryon density Q,h?, and an improvement of a
factor ~ 1.4 on the determination of the Hubble constant Hy and the amplitude of
matter fluctuations gg. COrE+ is clearly the best experimental configuration in terms
of constraints on these cosmological parameters. However, the CORE-M5 setup provides
very similar bounds on these parameters as COrE+, with a degradation in the accuracy
at the level of ~ 10 — 12%.

e Moderate improvements are also present for the CDM density (of about ~ 1.3) and
the spectral index (~ 1.14). The constraints from CORE-M5 and COrE+ are almost
identical on these parameters.

e The constraints on the optical depth are identical for all four experimental configurations
considered. This should not come as a surprise, since 7 is mainly determined by the
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Figure 4. 2D posteriors in the Hy vs og (left panel) and Q,h? vs Q.h? (right panel) planes from
Planck (simulated), CORE-M5, and future BAO dataset from the DESI survey. ACDM is assumed
as the underlying fiducial model.

large angular scale polarization that is measured with almost the same accuracy with
all the versions of CORE.

e Moving from COrE+ to CORE-M5 the maximum degradation on the constraints is
about 12% (for the baryon density).

From these results, and considering also the contour plots in Figure 2 and Figure 3
that are almost identical between CORE-M5 and COrE+, we can conclude that CORE-M5,
despite having a mirror of smaller size, will produce essentially the same constraints on the
parameters with respect to COrE+ with, at worst, a degradation in the accuracy of just
~ 12%.

3.4 Constraints from CORE-M5 and future BAO datasets

We have also considered the constraints achievable by a combination of the CORE-Mb5 data
with information from Baryonic Acoustic Oscillation derived from a future galaxy survey as
DESI. We found that the inclusion of this dataset will have minimal effect on the CORE-Mb
constraints on ACDM parameters. This can clearly be seen in Figure 4, where we plot the 2D
posteriors in the Hy vs og (left panel) and Qyh? vs Q.h? (right panel) planes. The CORE-M5
and the CORE+DESI contours are indeed almost identical.

It is also interesting to investigate whether the Planck dataset, when combined with
future BAO datasets, could reach a precision on the ACDM parameters comparable with the
one obtained by CORE-M5. To answer to this question we have simulated the Planck dataset
with a noise consistent with the one reported in the 2015 release and combined it with our
simulated DESI dataset. The 2D posteriors are reported in Figure 4: as we can see, while the
inclusion of the DESI dataset with Planck will certainly help in constraining some of ACDM
parameters, such as Hyg and the CDM density, the final accuracy will not be competitive with
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the one reachable by CORE-MS5. In particular, there will be no significant improvement in
the determination of og and the baryon density.
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4 Constraints on curvature

4.1 Future constraints from CORE

Measuring the spatial curvature of the Universe is one of the most important goals of mod-
ern cosmology, since flatness is a key prediction of inflation. A precise measurement of the
spatial curvature could, therefore, highly constrain some classes of inflationary models (see
e.g. [94-96]). For example, inflationary models with positive curvature have been proposed
in [94], while models with negative spatial curvature have been proposed in [97-102]. In-
terestingly, the most recent constraint coming from the Planck 2015 angular power spectra
data marginally prefers a universe with positive spatial curvature, with curvature density
parameter ) = —0.040f8:8?‘é at 68% CL [12], suggesting a closed universe at about two stan-
dard deviations. Moreover, including curvature in the analysis strongly weakens the Planck
constraints on the Hubble constant, due to the well know geometric degeneracy (see e.g.
[103-105]). When €, is varied, the Planck 2015 dataset gives Ho = 55735 km/s/Mpc at 68%
c.l., i.e. a constraint weaker by nearly one order of magnitude with respect to the flat case
(Ho = 67.59 £0.73 km/s/Mpc at 68% CL [12]).

As shown in [12], the compatibility with a flat universe is restored when the Planck
data is combined with the Planck CMB lensing dataset, yielding 2 = —0.0037f8:882§ at 68%
c.l.. However, the inclusion of the CMB lensing dataset still provides a quite weak constraint
on the Hubble constant of Hy = 66.1 + 3.1 km/s/Mpc at 68% c.l.. It is, therefore, quite
important to understand what level of precision can be reached by future CMB data alone
on {2, and, subsequently, on the Hubble constant, Hy.

Parameter Planck + lensing | LiteCORE 80, TEP | LiteCORE120, TEP CORE-M5, TEP COrE-+, TEP
(978 —0.0037 £5-9088 0.0000 = 0.0021 0.0000 + 0.0019 0.0000 + 0.0019 0.0000 52029
Qph? 0.02226 4 0.00016 | 0.022182 +0.000059 | 0.022182 5050041 | 0.022183 4 0.000038 | 0.022182 =+ 0.000035
Qh? 0.1192 + 0.0015 0.12050 =+ 0.00074 0.12046 + 0.00068 0.12049 + 0.00066 0.12050 £3-5007%
1000rc 1.04087 £ 0.00032 | 1.04069 #+ 0.00011 | 1.040685 «+ 0.000090 | 1.040686 = 0.000085 | 1.040688 = 0.000080
T 0.055 £ 0.019 0.0597 +5:0029 0.0598 + 0.0021 0.0596 + 0.0020 0.0596 + 0.0020
ns 0.9658 & 0.0048 0.9620 4 0.0021 0.9619 4 0.0019 0.9620 =+ 0.0019 0.9619 4 0.0019
In(10"° Ay) 3.043 + 0.037 3.0562 + 0.0044 3.0563 4 0.0044 3.0561 =+ 0.0044 3.0561 4 0.0043
Ho [km/s/Mpc] 66.1 3.1 66.98 4 0.75 66.96 & 0.68 66.97 + 0.66 66.97 79-5
o8 0.806 + 0.019 0.8174 4 0.0044 0.8172 4 0.0040 0.8173 = 0.0040 0.8173 4 0.0039

Table 4. 68% CL future constraints on cosmological parameters in the ACDM + € model for four
different CORE experimental configurations. A flat universe is assumed as fiducial model. Current
constraints from the Planck 2015 release (temperature, polarization and lensing) are also reported in
the second column for comparison.

In Table 4 we report the results from our forecasts using CMB data only from four
experimental configurations: LiteCORE-80, LiteCORE-120, CORE-M5 and COrE+. As we
can see, all configurations are able to constrain curvature with similar accuracy, which is
anyway always about a factor 8 better than current constraints coming from Planck angular
spectra data (about a factor 4 when compared with Planck+CMB lensing). Future CMB
data can, therefore, improve the Planck 2015 constraint on curvature by nearly one order of
magnitude. The current best fit Planck value of Q) = —0.033 (see e.g. [12]) can be tested
(and falsified) at the level of ~ 16 standard deviations. Constraints on the Hubble constant
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are also significantly improved: a future CORE mission can provide constraints on the Hubble
constant with a 1o accuracy better than ~ 1 km/s/Mpc independently from the assumption
of a flat universe. The 2D posteriors on the Qi vs Hp plane are reported in Figure 5 (left

panel).

4.2 Future constraints from CORE-+DESI

Parameter

Planck + lensing
+DESI

LiteCORE 80, TEP
+DESI

LiteCORE120, TEP
+DESI

CORE-M5, TEP
+DESI

COrE+, TEP
+DESI

Qe
Qyh?
Q.h?

1000nc
.
Ns

In(101°Ay)

—0.0000 + 0.0016
0.02219 + 0.00015
0.1204 4 0.0017
1.04068 =+ 0.00036
0.0605 9:0052
0.9620 + 0.0042

3.058 79015

—0.00001 4 0.00081
0.022181 4 0.000055
0.12048 *5-66037
1.04069 *560015
0.0597 £5:0035
0.9621 + 0.0018
3.0561 + 0.0040

~0.0005 + 0.00078
0.022181 + 0.000041
0.12044 % 0.00047
1.040688 3500075
0.0598 + 0.0021
0.9620 + 0.0016

3.0564 750053

0.00002 + 0.00075
0.022184 + 0.000037
0.12050 *555535
1.040685 + 0.000080
0.0596 + 0.0019
0.9619 *5:56017

3.0560 £ 0.0034

0.00002 + 0.00074
0.022181 % 0.000036
0.12050 £ 0.00041
1.040686 £ 0.000073
0.0595 + 0.0020
0.9619 + 0.0016
3.0558 £ 0.0035

Holkm/s/Mpc|

g8

66.96 £ 0.26
0.8177 £ 0.0077

66.95 £ 0.25
0.8173 4+ 0.0023

66.95 + 0.25
0.8172 + 0.0021

66.96 + 0.24
0.8173 +0.0018

66.95 £ 0.24
0.8172 + 0.0018

Table 5. 68% CL future constraints on cosmological parameters in the ACDM + € model for four
CORE experimental configurations combined with simulated data of the DESI BAO survey. In the
second column, for comparison, we also report the constraints from a simulated Planck-+DESI dataset.
A flat universe is assumed in the simulated data.

Stronger constraints on curvature can be obtained by combining the Planck 2015 data
with a combination of BAO measurements. In this case, the constraint is €; = 0.0002 %
0.0021 at 68% c.l., and also the Hubble constant is well constrained with Hy = 67.58 & 0.70
km/s/Mpc. The precision of these constraints is very close to the one expected by CMB
data alone from CORE and reported in Table 4. It is, therefore, interesting to investigate if a
future CORE mission can improve the constraints on € with respect to current Planck-+BAO
constraints.

In Table 5 we indeed present the constraints on 2 including future BAO simulated data
assuming the experimental specification of the DESI survey. As we can see, including DESI
data significantly shrinks the model space, leading to constraints that are now a factor ~ 2.5
stronger than the constraints from CORE alone and 2.8 times more stringent than current
Planck+BAO constraints. While, as we saw in the previous section, there is little advantage in
combining CORE with future BAO survey in constraining the ACDM parameters, a significant
improvement is expected on extensions such as €.

We can also see that, once the DESI dataset is included, there is little difference in the
constraints on 2 between the CORE configurations. The constraints on the Hy vs € plane
from COrE+ and DESI are reported in Figure 5 (right panel).
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Figure 5. Left Panel: Constraints on the Hy vs € plane from different CORE configurations.
Current constraints from Planck+CMB lensing are reported for comparison. Right Panel: Constraints
on the Hy vs Q plane for the following (simulated) datasets: Planck+DESI, LiteCORES80+DESI,
CORE-M5+DESI, COrE+-+DESI. A flat universe is assumed in the simulated data.
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5 Extra relativistic relics

The minimal cosmological scenario predicts that, at least after the time of nucleosynthesis, the
density of relativistic particles is given by the contribution of CMB photons plus that of active
neutrino species, until they become non-relativistic due to their small mass. This assumption
is summarized by the standard value of the effective neutrino number Neg = 3.046 [106]
(see |107] and [108| for pioneering work and [109] for a review of the subject). A more
recent calculation beased on the latest data on neutrino physics finds Neg = 3.045 [110],
but at the precision level of CORE the difference is irrelevant, and we will keep 3.046 as our
baseline assumption. However, there are many simple theoretical motivations for relaxing this
assumption. We know that the standard model of particle physics is incomplete (e.g. because
it does not explain dark matter), and many of its extensions would lead to the existence
of extra light or massless particles; depending on their interactions and decoupling time the
latter could also contribute to Neg. Depending on the context, these extra particles are
usually called extra relativistic relics, dark radiation or axion-like particles in more specific
cases. In the particular case of particles that were in thermal equilibrium at some point, the
enhancement of Neg can be predicted as a function of the decoupling temperature [111]. Even
in absence of a significant density of such relics, ordinary neutrinos could have an unexpected
density due to non-standard interactions [49], non-thermal production after decoupling [157],
or low-temperature reheating [50], leading to a value of Neg larger or smaller than 3.046. There
are additional motivations to consider Neg as a free parameter (background of gravitational
waves produced by a phase transition, modified gravity, extra dimensions, etc. — see [112] for
a review).

Over the last years the extended ACDM + N.g has received a lot of attention within
the cosmology community. Assuming Neg > 3.046 has the potential to solve tensions in
observational data: for instance, internal tensions in pre-Planck CMB data, which have now
disappeared (Neg = 2.994+0.20 (68%CL) for Planck 2015 TT,TE,EE+lowP [12]); or tensions
between CMB data and direct measurements of Hy [142] (however, solving this problem
by increasing N.g requires a higher value of og, which brings further tensions with other
datasets [12]). In any case, the community is particularly eager to measure Neg with better
sensitivity in the future, in order to: (i) test the existence of extra relics and probe extensions
of the standard model of particle physics; (ii) get a window on precision neutrino physics
(since the contribution of neutrinos to Neg depends on the details of neutrino decoupling);
and (iii) check whether the tensions in cosmological data are related to the relativistic density
or not.

Since CMB data accurately determines the redshift of equality z.q, the impact of Neg
on CMB observables is usually discussed at fixed zeq [30, 113, 114]. The time of equality
can be kept fixed by simultaneously increasing Neg and the dark matter density weqm (or,
depending on the choice of parameter basis, Neg and Hp). The impact on the CMB is then
minimal, which explains the well known (Neg, Weam) or (Negr, Ho) degeneracy: the latter is
clearly visible with Planck data in Figure 6 (left plot). However, this transformation does
not preserve the angular scale of the photon damping scale on the last scattering surface:
hence the best probe of N.g comes from accurate measurements of the exponential tail of
the temperature and polarisation spectra at high-¢. Hence the accuracy with which CMB
experiments can measure Nqg is directly related to their sensitivity and angular resolution,
as confirmed by the following forecasts. Increasing Nog has other effects on the CMB coming
from gravitational interactions between photons and neutrinos before decoupling: a smoothing
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of the acoustic peaks (however, very small, and below the per-cent level for variations of the
order of ANeg ~ 0.1), and a shift of the peaks towards larger angles caused by the “neutrino
drag” effect [30, 113, 114]. This means that in order to keep a fixed CMB peak scale, one should
decrease the angular size of the sound horizon ¢ while increasing Neg: this implies an anti-
correlation between 05 and Neg that can be observed in Figure 6 (right plot). Therefore, by
accurately measuring Neg, we could get a more robust and model-independent measurement
of the sound horizon scale, which would in turn be very useful for constraining the expansion
history with BAO data.

Since the parameter Nqg is closely related to neutrino properties, and since we know
that neutrinos have a small mass, we forecast the sensitivity of different experimental set-ups
to Neg while varying simultaneously the summed neutrino mass M,. This leads to more
robust predictions than if we had fixed the mass (although a posteriori we find no significant
correlation between Neg and M,). We investigate the CORE sensitivity to Neg within two
distinct models:

e The model “ACDM + M,, +AN. er?faSSIGSS” has 3 massive degenerate and thermalised neu-
trino species, plus extra massless relics contributing as AN;??SSIQSS > 0. It is motivated
by scenarios with standard active neutrinos and extra massless relics (or very light relics
with m < 10 meV).

e The model “ACDM + M, + é?faSSi"e” only has 3 massive degenerate neutrino species,
with fixed temperature, but with a rescaled density. During radiation domination they
contribute to the effective neutrino number as N, ;fnfaSSi"e, which could be greater or smaller
than 3.046. This model provides a rough first-order approximation to specific scenarios
in which neutrinos would be either enhanced (e.g. by the decay of other particles) or
suppressed (e.g. in case of low-temperature reheating).

Our forecasts consist in fitting these models to mock data, with a choice of fiducial parameters
slightly different from the previous section®, including in particular neutrino masses summing
up to M, = 60 meV.

The results of our MCMC forecasts are shown in Tables 6, 7, and Figure 6. Since the
determination of Nyt depends mainly on observations of the exponential tail in the CMB
spectra, our results for o(Neg) vary a lot with the sensitivity /resolution assumed for CORE,
and are only marginally affected by the inclusion of extra datasets like BAOs and cosmic
shear surveys. The value l,,x at which the signal-to-noise blows up in the temperature or po-
larisation spectrum varies a lot between the different experimental settings, as can be seen in
Figure 1. Thus there is a dramatic improvement in o(Neg) between Planck and LiteCORE-
80 (factor 3), and still a substantial one between LiteCORE-80 and COrE+ (factor 1.7).
However, stepping back to the design of CORE-M5, one maintains a very good sensitivity,
0(Negg) = 0.041, only 10% worse than what could be achieved with the better angular res-
olution of the COrE+ mission. Instead, LiteCORE-120 would be 25% worse than COrE-+.
Hence CORE-M5 appears as a good compromise for the purpose of measuring Neg.

By achieving o(Neg) = 0.041 with CORE-M5 alone, or o(Neg) = 0.039 in combination
with future BAO data from DESI and/or cosmic shear data from Euclid, we could set very
strong bounds on extra relics, neutrino properties, the temperature of reheating, etc., espe-
cially compared to Planck + DESI BAOs, which would only yield o(Neg) = 0.15. To be more

8The new choice of fiducial parameters is Q,h% = 0.022256, Q.h? = 0.11976, 1000, = 1.0408, 7 = 0.06017,
ns = 0.96447, In(10'°A,) = 3.0943, M, = 60 meV, with neutrino masses ordered like in the Normal Hierarchy
(NH) scenario.
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Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
ANZpssless < 0.19 (68%CL) < 0.062 (68%CL) < 0.045 (68%CL) < 0.040 (68%CL) < 0.036 (68%CL)
M, (meV) < 310 (68%CL) T 7213 7134 70753

Qph? 0.02208 + 0.00025 | 0.022305 % 0.000070 | 0.022293 £ 0.000052 | 0.022289 + 0.000047 | 0.022284 + 0.000041
Qch? 0.1184 = 0.0030 0.1205670:0005% 0.1203010:00055 0.1202315:00052 0.120157 905051
10005 1.04087 £ 0.00046 | 1.04070 + 0.00013 1.04070 £ 0.00010 | 1.040700 = 0.000094 | 1.040800 + 0.000085
T 0.071 4 0.018 0.0605 + 0.0020 0.0606 + 0.0021 0.0605 + 0.0021 0.0606 + 0.0021
ns 0.9589 + 0.0095 0.9665 + 0.0026 0.9663 + 0.0023 0.9661 + 0.0023 0.9661 + 0.0022
In(10™ Ay) 3.071 4 0.037 3.0970 + 0.0044 3.0964 + 0.0043 3.0961 4 0.0042 3.0960 + 0.0042
Ho (km/s/Mpc) 64.842.3 67.1519:59 67.1310.71 67.124978 67117573
os 0.778+9:93% 0.831+391L 0.831+9:980 0.8308+5:5007 0.8307%0:002%
Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
+ DESI + DESI + DESI + DESI + DESI
ANpssless < 0.15 (68%CL) < 0.061 (68%CL) < 0.042 (68%CL) < 0.038 (68%CL) < 0.033 (68%CL)
M, (meV) 85+4L 72424 T+s 70+2 65735
Qph? 0.02237 + 0.00015 | 0.022310 4 0.000065 | 0.022293 + 0.000050 | 0.022289 + 0.000045 | 0.022279 4 0.000038
Q:h? 0.121675-0952 0.12046F5:5004% 0.12023F5:50049 0.1201755-99525 0.1204570-0%0%¢
1006, 1.04050 & 0.00036 | 1.04070 + 0.00013 1.04070 4 0.00010 | 1.040700 + 0.000091 | 1.040700 + 0.000080
T 0.0614 = 0.0046 0.0605 + 0.0021 0.0606 %+ 0.0021 0.0605 = 0.0021 0.0605 = 0.0018
ns 0.969513-0057 0.9667135028 0.9662 =+ 0.0020 0.9661 + 0.0020 0.965375:0055
In(10'° Ay) 3.102 £ 0.010 3.0967 + 0.0044 3.0962 + 0.0043 3.0959 + 0.0040 3.0966 =+ 0.0036
Ho (km/s/Mpc) 67.5610 62 67.23 +0.33 67.15 4+ 0.29 67.13 4 0.29 67.13 4+ 0.28
o8 0.833 +0.011 0.8316 + 0.0044 0.8311 + 0.0040 0.8309 + 0.0038 0.8309 + 0.0037
Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP
+ DESI + Euclid | + DESI + Euclid + DESI + Euclid + DESI + Euclid + DESI + Euclid
ANpssless < 0.111 (68%CL) | < 0.054 (68%CL) < 0.040 (68%CL) < 0.038 (68%CL) < 0.032 (68%CL)
M, (meV) 84728 71718 68715 68112 6713
Qph? 0.02234 + 0.00013 | 0.022301 = 0.000061 | 0.022290 + 0.000048 | 0.022289 + 0.000045 | 0.022282 + 0.000038
Qch? 0.1211+3:9597 0.1204375 99052 0.12026759920 0.120237-59028 0.12017+-59027
1000, 1.04060 & 0.00034 | 1.04070 £ 0.00012 | 1.040700 + 0.000095 | 1.040700 = 0.000089 | 1.040800 = 0.000080
T 0.0611 % 0.0046 0.0605 + 0.0021 0.0604 + 0.0021 0.0605 + 0.0021 0.0597 + 0.0020
s 0.967819:00%% 0.9662 + 0.0021 0.9660 + 0.0019 0.9659 £ 0.0018 0.9658 + 0.0017
In(10'°Ay) 3.10015:9% 3.0967 £ 0.0043 3.0960 =+ 0.0041 3.0961 £ 0.0041 3.0958 £ 0.0039
Ho (km/s/Mpc) 6737703 67.18 £ 0.23 67.14 £ 0.20 67.12+0.19 67.10 £ 0.19
os 0.83147 0027 0.8319° 3003 0.83187 30032 0.8317 5 0022 0.83157 3003

Table 6. 68% CL constraints on cosmological parameters in the ACDM + M, + ANZNassless model
(accounting for standard massive neutrino plus extra massless relics, with AN > () from the
different CORE experimental specifications and with or without external data sets (DESI BAOs,
Euclid cosmic shear). For Planck alone, we quote the results from the 2015 data release, while for
combinations of Planck with future surveys, we fit mock data with a fake Planck likelihood mimicking
the sensitivity of the real experiment (although a bit more constraining).

specific, let us consider the case of early decoupled thermal relics, like in Ref. [111]. Assuming
that the last-decoupled relics leave thermal equilibrium at a temperature T, and that the
subsequent number of relativistic degrees of freedom is entirely accounted for by standard
model particles, we notice that there are many well-motivated scenarios predicting a value of
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Parameter

T
Ns

In(10" Ay)

0.071 +£0.018
0.9589 £ 0.0095
3.071+£0.037

0.0604 £ 0.0021
0.9642 + 0.0036
3.0950 £ 0.0048

0.0604 £ 0.0021
0.9644 £ 0.0031
3.0950 £ 0.0045

0.0604 £ 0.0021
0.9643 +£ 0.0030
3.0950 £ 0.0045

Planck, TEP LitecCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
Nppssive 2.93 +0.19 3.045 4+ 0.063 3.047 +0.045 3.045 4+ 0.041 3.045 4+ 0.036
M, (meV) < 310 (68%CL) < 110 (68%CL) 73737 73737 72t
Q,h? 0.02208 + 0.00025 | 0.022250 + 0.000089 | 0.022255 + 0.000066 | 0.022254 + 0.000060 | 0.022255 + 0.000051
Q.h? 0.1184 4 0.0030 0.1198 4 0.0011 0.11983 = 0.00082 0.11981 4 0.00077 | 0.11979 = 0.00071
1006, 1.04087 + 0.00046 | 1.04080 + 0.00016 1.04080 + 0.00012 1.04080 + 0.00011

1.04080 £ 0.00010
0.0603 + 0.0021
0.9643 + 0.0028
3.0948 + 0.0043

Hj (km/s/Mpc)

g8

64.8 2.3

0.778+5-558

66.8179:8%

0.829* 3607

66.861975

08291755665

=+0.76
66.8570:76

082895 5066

66.8615:7

0829155653

T

0.0607 +£ 0.0045

0.0602 4 0.0021

0.0603 +£ 0.0021

0.0602 + 0.0021

Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
+ DESI + DESI + DESI + DESI + DESI
Nipassive 3.07+£0.15 3.044 4 0.061 3.047 £ 0.045 3.046 + 0.040 3.044 + 0.035
M, (meV) 74T 65+ 25 66725 65751 61421
Qh? 0.02228 + 0.00018 | 0.022257 + 0.000082 | 0.022258 + 0.000062 | 0.022257 + 0.000057 | 0.022251 + 0.000048
Qch? 0.1200 + 0.0025 0.1197 + 0.0010 0.11973 + 0.00075 0.11970 + 0.00068 0.12002 + 0.00059
1006 1.04080 4 0.00045 | 1.04080 + 0.00016 1.04080 + 0.00012 1.04080 4+ 0.00011 | 1.040800 + 0.000097
T 0.0608 == 0.0045 0.0603 =+ 0.0021 0.0603 = 0.0021 0.0603 = 0.0021 0.0604 =+ 0.0018
ns 0.9655 =+ 0.0065 0.9644 + 0.0032 0.9646 + 0.0028 0.9645 =+ 0.0026 0.9637 =+ 0.0024
In(10'° Ay) 3.096 4 0.012 3.0944 + 0.0049 3.0944 + 0.0045 3.0944 + 0.0044 3.0953 + 0.0038
Hy (km/s/Mpc) 67.05 + 0.82 66.96 + 0.42 66.97 + 0.35 66.97 + 0.33 66.97 + 0.32
s 0.830 + 0.012 0.8307 + 0.0045 0.8305 = 0.0041 0.8305 = 0.0039 0.8304 + 0.0037
Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP
+ DESI + Euclid | + DESI + Euclid + DESI + Euclid + DESI + Euclid + DESI + Euclid
Npassive 3.05+0.11 3.044 + 0.057 3.046 + 0.042 3.046 + 0.039 3.045 + 0.034
M, (meV) 66151 62 + 20 62+ 18 62+17 62715
Quph? 0.02225 + 0.00016 | 0.022253 + 0.000081 | 0.022258 + 0.000062 | 0.022256 + 0.000055 | 0.022253 %+ 0.000047
Q.h? 0.1198 + 0.0017 | 0.11976 & 0.00089 0.11978 + 0.00067 0.11978 + 0.00062 0.11977 + 0.00054
1000, 1.04080 4 0.00038 |  1.04080 + 0.00016 1.04080 + 0.00012 1.04080 4 0.00011 | 1.040800 % 0.000092

0.0595 + 0.0020

ns 0.9646 = 0.0049 0.9644 + 0.0029 0.9644 + 0.0025 0.9644 = 0.0024 0.9644 + 0.0023

In(10'°A4,) 3.095 + 0.010 3.0944 + 0.0048 3.0946 + 0.0044 3.0945 + 0.0043 3.0944 + 0.0041
Hy (km/s/Mpc) 66.97 + 0.54 66.96 + 0.32 66.98 + 0.27 66.98 + 0.25 66.97 + 0.23
o8 0.8313+3:00%9 0.83161350%% 0.831513:50%3 0.8315 4 0.0028 0.831519-593¢

Table 7. Same as previous table, but for the ACDM + M, + N23*5V¢ model (accounting for non-

thermalised active neutrinos degenerate in mass).

A Ngg ranging from 0.05 to 0.3, because this corresponds to particles decoupling during the
QCD phase transition. In case of a non-detection of extra relics by CORE, the 95% exclusion
bound from CORE + BAOs, AN.g < 0.076, would exclude most of this range, while Planck
+ BAOs would not even touch it.

A sensitivity of o(Neg) = 0.041 would also have crucial implications for the deter-
mination of other important cosmological parameters, through a considerable reduction of
parameter degeneracies. For instance, without making assumptions on Neg, Planck + DESI
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Figure 6. Parameter degeneracy between N.g and Hj or #s, assuming the extended model
“DEG-+Neff”, with three experimental settings for CORE or with a fake Planck likelihood mimicking
the sensitivity of the real experiment (always using all CMB information from TT,TE,EE + lensing
extraction). The correlations observed in the Planck case are explained in the text. The degeneracy
with Hy is almost entirely resolved by CORE, while that with 6, is limited to a much smaller range.

BAOs would measure Hy with 1.2% uncertainty, and weqm with 2% uncertainty. Figure 6 (left
plot) shows that CORE-M5 would almost completely resolve the (Nog, Hy) degeneracy, such
that CORE + DESI BAOs would pinpoint both Hy and wegn with 0.5% uncertainty. This
would have repercussions on several other parameters, and would allow to fully exploit the
synergy between different types of cosmological data. Also, the determination of Ngg based
on the observation of the CMB damping tails would reduce the uncertainty on the sound
horizon angular scale, from o(6s) = 0.00046 for Planck to ¢(6s) = 0.00011 for CORE: hence
the calibration of the sound horizon scale in future BAO data would be much more accurate,
and the scientific impact of these observations (for instance, on Dark Energy models) would
be enhanced.
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6 Constraints on the primordial Helium abundance

In the framework of standard Big Bang Nucleosynthesis (BBN), the abundances of light
elements can be calculated as a function of the baryon-to-photon ratio ny, = ny/ny, of the
effective number of relativistic species Nqg, and of the chemical potential of electron neutrinos
(in the following, the latter is assumed to be zero). This is in particular the case of the
primordial abundance of “He, that, changing the density of free electrons between helium
and hydrogen recombination, has a direct impact on CMB observables and in particular on
the damping tail of CMB anisotropies (see e.g. [159-163]). In the other sections of this
paper, the “He abundance, parameterized by YPI?BN = 4nye/ny, is calculated consistently as
a function of the physical baryon density ,h? (that can be translated to m, by fixing the
photon temperature and neglecting the uncertainty associated to the helium fraction itself)
and Neg, using approximate analytical formulas based on the PArthENoPE code [164, 165].
However, since the CMB is directly sensitive to YFI,BBN, it is possible to drop the assumption
of standard BBN and obtain model-independent constraints on the abundance of He. This
is the goal of this section, where we show the constraints that can be obtained on YP]?BN
with different CORE configurations, in the framework of a minimal extension of the standard
ACDM model, as well as in the case where Nqg is also allowed to vary. The fiducial model
is the one described in Sec. 2, that assumes standard BBN (and vanishing neutrino chemical
potential). Thus the fiducial values w, = 0.022256 and Neg = 3.046 imply YF]?BN = 0.24669.

6.1 Sensitivity to the helium abundance in a minimal extension of ACDM

In this section we present constraints assuming standard ACDM but without assuming stan-
dard BBN, so in addition to the six ACDM we let also the primordial Helium abundance
parameter Y}?BN to vary. The constraints on cosmological parameters for the different COrE
experimental configurations are reported in Table 8.

Parameter LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
yPBN 0.2466 + 0.0040 0.2466 + 0.0029 0.2466 "5 00 0.2466 + 0.0025
Qph? 0.022180 £ 0.000078 | 0.022181 £ 0.000059 | 0.022180 & 0.000055 | 0.022180 + 0.000047
Q.h? 0.12049 + 0.00032 | 0.12049 + 0.00029 0.1204870-00030 0.12048 + 0.00026
1000 1.04069 + 0.00016 | 1.04069 + 0.00012 | 1.04069 + 0.00011 | 1.04069 & 0.00011
T 0.0598 =+ 0.0020 0.0597 £ 0.0020 0.059710-9629 0.059710-9029
ng 0.9619 + 0.0028 0.9619 =+ 0.0025 0.9620 & 0.0024 0.9619 + 0.0023
In(10'0 Ay) 3.0564 + 0.0039 3.0562 + 0.0036 3.0562 + 0.0036 3.0562 + 0.0035
Hy [km/s/Mpc] 66.95 +0.16 66.95 +0.14 66.95101% 66.957012
oy 0.8174 + 0.0018 0.8172 + 0.0015 0.8173 4 0.0014 0.8172 4 0.0013

Table 8. Parameter constraints for ACDM + YPBN (68% CL uncertainties), for different CORE
experimental configurations.

It can be seen that the primordial abundance of *He can be constrained with an un-

certainty o(Y2BN) = 2.5 x 1073 by the COrE+ configuration. This gets slightly degraded,
by a factor ~ 1.2 for the LiteCORE-120 and CORE-M5 configurations (the two configu-
rations yield very similar results), but is significantly worse by ~ 60% for LiteCORE-80.
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Figure 7. Left Panel: Two-dimensional credible regions at 68% and 95% in the Y*BN vs w;, plane
for the different CORE configurations. The standard value for Neg = 3.046 is assumed. Right Panel:
Two-dimensional credible regions at 68% and 95% in the YpBBN vs Neg plane for the different CORE
configurations. N.g is allowed to vary.

These numbers should be compared with the present bound from Planck TT+lowP+BAO
of PBN = 025575050 (at 95% CL) [12]. We find in all cases a dramatic improvement over
the sensitivity to Y}]?BN from this combination of Planck and BAQO, gaining a factor of 4.6,
6.6 or 7.4 on this parameter, for LiteCORE-80, CORE-M5 or COrE+, respectively. Quite
remarkably, the uncertainty on YP]?BN for these CORE experimental configurations is at least
two times smaller than the present observational error in astrophysical determination of the
same quantity: Ref. [166] reports YPBN = 0.2465 + 0.0097 (at 68% CL) from a compilation
of helium data. In Figure 7 (left panel) we show the 2D constraints in the Y;PEN vs wj, plane.

6.2 Sensitivity to the helium abundance in ACDM+ N.g

It is well known that there is a strong parameter degeneracy between Y?BN and Neg (see
e.g. [12| and references therein). For this reason, in this section we present constraints on
primordial *He varying the six ACDM parameters, and letting also Yf],BBN and Neg to vary.
The constraints on cosmological parameters for the different CORE experimental configura-
tions are reported in Table 9. As we can see, including variations in Neg opens a degeneracy.
The constraints on YI?BN gets worse by roughly a factor of 2 for COrE+, CORE-M5 and
LiteCORE-120, and slightly less than that for LiteCORE-80, with respect to those obtained
by fixing Neg = 3.046. The improvement on Y2BN moving from LiteCORE-80 to COrE+ is
now a factor ~ 1.4, while it is about ~ 1.1 in moving from LiteCORE-120 or CORE-M5 to
COrE+. These constraints are however still significantly stronger than those presently avail-
able from Planck [12] or from astrophysical observations [166]. We note that the degeneracy
also affects estimates of the effective number of relativistic species, by greatly enlarging by
nearly a factor two the uncertainty on this parameter when YP]?BN is left free to vary, as it
can be seen by comparing the numbers in Tables 7 and 9. This degeneracy is clearly seen in
Fig. 7 (right panel) where we plot the two-dimensional credible regions in the YpBBN Vs Negt
plane.
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Parameter LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-MS5, TEP COrE+, TEP
Ner 3.06 +0.12 3.05+0.10 3.05+0.10 3.048 + 0.092
YEBN 0.2463 + 0.0069 0.2463 + 0.0057 0.2464 +0.0056 | 0.2465 £ 0.0052
Qyh? 0.02218570-000085 | () 022182 + 0.000063 | 0.022181 + 0.000058 | 0.02218379-000018
Q.h? 0.1206 & 0.0018 0.1206 = 0.0015 0.1206 +0.0014 | 0.1205 =+ 0.0013
1000x¢ 1.04067 + 0.00044 | 1.04068 +0.00034 | 1.04068 +0.00033 | 1.04068%) 5002
T 0.0597 £ 0.0020 0.0597 £ 0.0020 0.0597 £0.0020 | 0.0598 = 0.0020
ns 0.962070 0053 0.9619 + 0.0030 0.9620 + 0.0027 0.9619 £ 0.0025
In(10'0A4;) 3.056570 000 3.0563 + 0.0042 3.0562 + 0.0042 3.056370 0009
Hy [km/s/Mpc] 67.001012 66.9910-52 66.99 £ 0.62 66.96 £ 0.56
s 0.8175 + 0.0037 0.8174F5 507 0.8174 + 0.0028 0.8173 + 0.0025

Table 9. Parameter constraints for ACDM + VBN + N.g (68% CL uncertainties), for different

CORE experimental configurations.

6.3 Constraints on the neutron lifetime

Parameter | CORE-M5, TEP CORE-M5, TEP CORE-M5,TEP CORE-M5,TEP
+ DESI + DESI
Qph? 0.022180 % 0.000054 | 0.022179 £ 0.000053 || 0.022180 £ 0.000057 | 0.022179 = 0.000055
Negt 3.046 3.046 3.05+0.10 3.049 £ 0.084
Y BBN 0.246610-9552 0.2466109052 0.2464 + 0.0056 0.2465 £ 0.0050
T [s€C] 880 + 13 880 + 13 879 + 33 880730

Table 10. Constraints on the neutron lifetime from CORE-M5 and CORE-M5+DESI under the
assumption of BBN. The constraints reported in columns two and three have been derived under the
assumption of the standard value N.g = 3.046, while the results reported in the last two columns
have been obtained assuming N.g free.

Given the CORE-M5 constraints on parameters as the baryon density Q,h?, the Helium
abundance Y, and the neutrino number of relativistic relics Neg, it is possible to constrain
the neutron lifetime under the assumption of BBN ([167]). CMB data can indeed offer
a completely independent determination of 7,, useful also for checking the validity of the
cosmological scenario. In Table 10 we report the constraints on 7, assuming BBN for CORE-
M5 and CORE-M5+DESI in the case of Neg = 3.046 and N.g free. As we can see, when
Neg = 3.046 CORE-M5 will constrain 7, with an uncertainty of about ~ 1.5%. Adding
DESI will not improve significantly this bound. When Nyg is let free to vary, the CORE-M5
constraint will relax to about ~ 3% uncertainty, with a small improvement when the DESI
dataset is included. Current laboratory data constrain the neutron lifetime with a precision
of ~ 1—2s but with a ~ 4.5 ¢ tension between different experiments with a difference of ~ 9s
(see discussion in [167]). Future data from CORE could therefore help in clarifying the issue.
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7 Neutrino physics

Neutrino oscillation data show that neutrinos must be massive, but the data are insensitive
to the absolute neutrino mass scale. For a normal hierarchy of masses (mi, mg < ms3), the
mass summed over all eigenstates is approximately at least 60 meV, while for an inverted
hierarchy (ms < mj, ma) the minimal summed mass is approximately 100 meV [32-34].
The individual neutrino masses in these hierarchical limits are below the detection limit
of current and future laboratory S-decay experiments, but they can remarkably be probed
by cosmology [30, 31, 36-39, 115-117]. The detection of the neutrino mass scale is even
considered as one of the safest and most rewarding targets of future cosmological surveys,
since we know that these masses are non-zero, that they have a significant impact on structure
formation, and that their measurement will bring an essential clue for particle physicists to
decipher the neutrino sector puzzle (origin of masses, leptogenesis and baryogenesis, etc.).
Even the unlikely case of a non-detection would be interesting, since it would force us to
revise fundamental assumptions in particle physics and/or cosmology, see e.g. [40].

For individual neutrino masses below 600 meV, the non-relativistic transition of neu-
trinos takes place after photon decoupling. After that time the neutrino density scales like
matter instead of radiation, with an impact on the late expansion history of the universe.
This is important for calculating the angular diameter distance to recombination, which de-
termines the position of all CMB spectrum patterns in multipole space. At the time of
the non-relativistic transition, metric fluctuations experience a non-trivial evolution which
can potentially impact the observed CMB spectrum in the range 50 < ¢ < 200 due to the
early ISW effect [30, 118, 119]. However, for individual neutrino masses below 100 meV,
the non-relativistic transition happens at z < 190, hence too late to significantly affect the
early ISW contribution. Finally, massive neutrinos slow down gravitational clustering on
scales below the horizon size at the non-relativistic transition, leaving a clear signature on the
matter power spectrum [30, 115, 120]. The magnitude of this effect is controlled mainly by
the summed neutrino mass M. Roughly speaking, the suppression occurs on wavenumbers
k > 0.01h/Mpc (which means that even relatively large wavelengths are affected), and satu-
rates for k > 1h/Mpc. Above this wavenumber and at redshift zero, the suppression factor
is given in first approximation by (M, /10meV)%, i.e. at least 6% even for minimal normal
hierarchy [30, 115, 121]. CMB lensing is expected to be a particularly clean probe of this
effect [29, 122-124].

7.1 Neutrino mass splitting

Cosmology is mainly sensitive to the summed neutrino mass M,,, but the mass splitting does
play a small role, since the free-streaming length of each neutrino mass eigenstate is de-
termined by the individual masses [30, 31, 38, 39, 117, 125]. Hence, before doing forecasts
for future high-precision experiments, it is worth checking the impact of making different
assumptions of the mass splitting (for fixed total mass) on the results of a parameter extrac-
tion. If this impact is found to be small, we can perform generic forecasts sticking to one
mass splitting scheme. Otherwise, several different cases should be considered separately.
We know from particle physics that there are two realistic neutrino mass schemes, NH
and IH, both tending to a nearly-degenerate situation in the limit of large M,,, but that limit is
already contradicting current bounds (M, < 210 meV from Planck 2015 TT+lowP+BAO [12],
M, < 140 meV when including the latest Planck polarisation data [126], M, < 130 meV with
recent BAO+-galaxy survey data [127] and M, < 120 meV with BOSS Lyman-a data [128], all
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at 95%CL). On top of NH and TH, the cosmological literature often discusses three unrealistic
models (for the purpose of speeding up Boltzmann codes and integrating only one set of
massive neutrino equations): the degenerate case with masses (M, /3, M, /3, M, /3), that we
will call DEG; the case (M, /2, M, /2,0) that we will call 2M and the case (M,,0,0) that we
will call 1M. These three unrealistic cases are potentially interesting to use as a fitting model
in a forecast, because the total mass can be varied down to zero: thus, on top of estimating
the value of M, one can assess the significance of the neutrino mass detection by comparing
the probability of M, = 0 to that of the mean or best-fit value. Any of the DEG, 1M, or 2M
models can achieve this purpose, however, we can already discard 1M and 2M, as a detailed
inspection of the small difference between the matter power spectrum of these three models
for fixed M, shows that the spectrum of the DEG model is much closer to that of the two
realistic models (NH, IH) than the spectrum of 1M or 2M (see e.g. Figure 16 in [31]). Even
current data starts to be slightly sensitive to the difference between 1M and (NH, IH) [129].
Hence we only need to address the question: can we fit future data with the DEG model, even
if the true underlying model is probably either NH or IH, or does this lead to an incorrect
parameter reconstruction?

Run Fiducial model Fitted model | posterior curve in Figure 8
1. NH with M, = 0.06 eV DEG top panels, green
2. NH with M, = 0.06 eV NH top panels, grey
3. NH with M, =0.10 eV DEG bottom panels, solid green
4. NH with M, =0.10 eV NH bottom panels, solid grey
5. NH with M, =0.10 eV TH bottom panels, solid red
6. IH with M, = 0.10 eV DEG bottom panels, dashed green
7. IH with M, = 0.10 eV NH bottom panels, dashed grey
8. IH with M, = 0.10 eV IH bottom panels, dashed red

Table 11. List of fiducial and fitted model used to check for possible parameter reconstruction bias
when using the wrong assumptions on neutrino mass splitting.

We first consider a fiducial model with a total mass M, = 60 meV, thus necessarily
given by NH. We generate mock data using the precise mass splitting of NH for such a value,
with Am2,,, = 2.45 x 1073 (eV)? and Am?, = 7.50 x 107 (eV)%. We then compare the
results of forecasts that assume either DEG or NH as a fitting model (still with fixed square
mass differences). In both cases, the free parameters are the usual 6-parameter ACDM (with
fiducial values given in footnote 8) and M,. These two forecasts correspond to the first two
lines in Table 11. The results for the CORE-M5 satellite?, alone or in combination with
DESI BAOs and Euclid cosmic shear, are shown in the top three panels of Figure 8. This
is the most pessimistic case for measuring the neutrino mass, since it corresponds to the
minimal total mass allowed by oscillation data. When looking at the results, one should keep
in mind that we are fitting directly the fiducial spectrum, hence the posterior would peak
at the fiducial value in absence of reconstruction bias; while with real scattered data the
best fit would be shifted randomly, typically by one sigma. By looking at the results of the
DEG fit (green curves in Figure 8 and numbers in Table 12), we see that CORE-M5 alone

9The next section will include a discussion of other possible sensitivity choices.
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Figure 8. Reconstruction of the total neutrino mass using various schemes for the mass splitting
(NH, TH, degenerate), not always matching the assumed fiducial model. Table 11 gives the explicit
correspondence between the different curves and the assumptions made on the fiducial and fitting
models. Vertical solid lines show lower prior edges in the NH and IH cases, while dashed lines show
the fiducial values. The MCMC runs extracts the fiducial mass up to some reconstruction bias never
exceeding 0.50.

would not detect M,, = 60 meV with high significance, but it would typically achieve a 3o
detection in combination with DESI BAOs, or a 40 detection when adding also Euclid cosmic
shear data. There is a small offset between the mean value of M, found in the DEG fit and
the fiducial value, corresponding respectively to 0.2¢0, 0.20, 0.50 in the CORE, CORE-+DESI,
and CORE+DESI+FEuclid cases. This can be attributed to bias reconstruction from assuming
the wrong fitting model. However, in this situation, the conclusion of fitting real data with
DEG would be that the preferred scenario is NH, since M,, = 100 meV would be disfavoured
typically at the 20 level by CORE+DESI+Euclid, and one would then perform a second fit
assuming NH in order to eliminate this reconstruction bias. More detailed discussions on the
discrimination power of future data between NH and IH can be found e.g. in [38, 39].

Next, we considered a fiducial total mass M, = 100 meV, which could be achieved either
within the NH or IH model. We are not interested in the possibility of directly discriminating
between these two models, because the sensitivity of CORE+DESI+Euclid is clearly too low
for such an ambitious purpose. Instead we only want to check whether using the DEG model
for the fits introduces significant parameter bias. For that purpose, we perform six forecasts
for each data set, corresponding to the two possible fiducial models (NH or IH) fitted by each
of the three models DEG, IH or NH. We see on the lower panels of Figure 8 that the fiducial
mass is again correctly extracted by the DEG fits, up to a bias ranging from 0.1¢ to 0.30:
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Figure 9. Results for the minimal model with massive neutrinos (discussed in section 7.2 and
Table 12).

this is smaller than with a fiducial mass of 60 meV because masses are now larger and relative
differences between NH, IH, and DEG are reduced. The error bars are always the same up
to less than 0.1¢ differences.

We have checked that regardless of the real mass splitting realised in nature, and with
the experimental data sets discussed in this analysis, we can correctly reconstruct the mass
simply by fitting the DEG model to the data. For the purpose of our forecasts, the most
important things to check are that the error is stable under different assumptions, and that
the reconstruction bias induced by fitting DEG to NH or DEG to IH is under control: this is
found to be the case. So the next forecasts can be done using either NH or IH as a fiducial,
and sticking to DEG as the fitted model. We can even do something simpler and use DEG
as both fiducial and fitted model in the forecasts, since we know that if the fiducial model
was NH or IH we would not have a large bias. This is exactly what we will do in the next
sections'®. However, we also see that in future analyses, we ought to be a little bit more
careful, and compare the results of different fits using either NH or IH as a fitted model, to
assess the impact of different assumptions on the posterior probability for M,.

7.2 Neutrino mass sensitivity in a minimal 7-parameter model

Choosing the same fiducial model as in footnote 8, with a summed mass equal to M, =
60 meV, we fit the 7-parameter ACDM+M,, model for different CORE settings, alone or in
combination with mock DESI BAOs and Euclid cosmic shear data.

Since we are looking at very small individual masses (mainly in the range m, < 100 meV),
we expect the sensitivity of the CMB to M, to be dominated by CMB lensing effects. The
different CORE settings considered here lead to different sensitivities to the CMB lensing
potential. However, we only observe marginal differences between the forecasted mass sensi-
tivities shown in Table 12, with a symmetrized error ranging from 48 meV for LiteCORE-80
to 44 meV for CORE-M5 and COrE+. The reason is that the neutrino mass effect on the
CMB lensing potential does not peak at the highest multipoles: rather it consists of a nearly
constant suppression for a wide range of angular scales with [ > 100. Hence, in order to
achieve a good detection of M, it is sufficient to have data in the region where the signal-
to-noise ratio (S/N) is the largest, which is roughly from ¢ = 200 to 700 for CMB lensing.

10More precisely, in sections 7.2 and 7.3 we choose to fit DEG to NH when mock Euclid data is not used,
and DEG to DEG otherwise.
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Parameter

Planck, TEP

LiteCORE-80, TEP

LiteCORE-120, TEP

CORE-M5, TEP

COrE+, TEP

M, (meV)

< 315 (68%CL)

78735

38
7473

37
7253

38
72755

Quh2 0.02219 4 0.00017 | 0.022250 + 0.000059 | 0.022256 + 0.000042 | 0.022256 + 0.000039 | 0.022255 + 0.000034
Q.h? 0.1198 + 0.0015 0.11987+5:50050 0.11983F5:5004% 0.1198015-90042 0.1198175-99044
1000, 1.04069 + 0.00036 | 1.04080 & 0.00010 | 1.040800 = 0.000087 | 1.040800 = 0.000082 | 1.040800 = 0.000079
T 0.074 4 0.017 0.0604 + 0.0021 0.0604 + 0.0021 0.0604 + 0.0020 0.0604 + 0.0021
ny 0.9637 + 0.0051 0.9643 = 0.0020 0.9643 = 0.0018 0.9644 + 0.0018 0.9644 + 0.0018
In(101°4,) 3.081 4+ 0.033 3.0951 + 0.0042 3.0950 + 0.0041 3.0949 =+ 0.0040 3.0949 + 0.0041
Ho (km/s/Mpc) 65.6725 66.7975:32 66847077 66.887073 66.877073

o8 0.783%5:021 0.828" 5006 0.828810-005 0.82931 50057 0.82017 50058
Parameter Planck, TEP | LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
+ DESI + DESI + DESI + DESI + DESI
M, (meV) 72439 65 + 22 6512 6572 66735
Quh? 0.02226 + 0.00012 | 0.022260 + 0.000053 | 0.022259 + 0.000041 | 0.022257 + 0.000039 | 0.022258 + 0.000033
Qch? 0.11966 4 0.00071 | 0.11970 + 0.00031 0.11971 + 0.00030 0.11971 +0.00028 | 0.11971 4 0.00028
1000, 1.04080 + 0.00030 | 1.04080 + 0.00010 | 1.040800 + 0.000083 | 1.040800 4 0.000078 | 1.040800 =+ 0.000074
T 0.0608 + 0.0044 0.0603 + 0.0021 0.0603 + 0.0021 0.0602 + 0.0021 0.0603 + 0.0020
ns 0.9647 + 0.0027 0.9646 + 0.0017 0.9646 + 0.0015 0.9646 + 0.0015 0.9645 + 0.0015
In(10'0A,) 3.0954 =+ 0.0086 3.0944 + 0.0039 3.0944 + 0.0039 3.0944 + 0.0039 3.0944 + 0.0039

Ho (km/s/Mpc)

66.94 1 0.28

66.98 + 0.27

66.98 & 0.26

66.98 & 0.26

66.97 &+ 0.26

o3 0.82970552 0.8309 =+ 0.0043 0.8305 £ 0.0039 0.8305 £ 0.0038 0.8304 £ 0.0037
Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP
+ DESI + Euclid | + DESI + Euclid + DESI + Euclid + DESI + Euclid + DESI + Euclid
M, (meV) 65+ 23 63718 63712 62416 62113
Qph? 0.02226 + 0.00011 | 0.022256 4 0.000052 | 0.022256 + 0.000040 | 0.022256 + 0.000037 | 0.022255 4 0.000032
Q.h* 0.11977 +0.00032 | 0.11978 + 0.00018 0.11977 + 0.00018 0.11977 + 0.00017 0.11979 + 0.00018
10065 1.04080 £ 0.00031 | 1.040800 + 0.000095 | 1.040800 + 0.000084 | 1.040800 & 0.000077 | 1.040800 = 0.000072
T 0.0606 = 0.0046 0.0603 + 0.0020 0.0603 + 0.0021 0.0603 = 0.0020 0.0595 =+ 0.0020
ns 0.9644 + 0.0025 0.9645 + 0.0016 0.9645 + 0.0014 0.9645 + 0.0014 0.9645 + 0.0014
In(10'° Ay) 3.0951 + 0.0086 3.0945 + 0.0039 3.0947 + 0.0039 3.0947 4 0.0038 3.0944 + 0.0038

Ho (km/s/Mpc)

[ef}

66.9615-23

b 0.0039
0.831410 5039

66.9715-21

91,+0.0034
0.831615-00%2

66.9715-2%

b 0.0033
0.831415-00%3

66.981573
0.8315 + 0.0028

66.9815-19

216+0.0031
0.831675 0024

Table 12. 68% CL constraints on cosmological parameters in the ACDM+M,, model (accounting for
the summed mass of standard neutrinos) from the different CORE experimental specifications and
with or without external data sets (DESI BAOs, Euclid cosmic shear). For Planck alone, we quote
the results from the 2015 data release, while for combinations of Planck with future surveys, we fit
mock data with a fake Planck likelihood mimicking the sensitivity of the real experiment (although a
bit more constraining).

Lensing extraction on smaller angular scale will always have a smaller S/N and would bring
little additional information. In the range 200 < ¢ < 700, LiteCORE-80 has a slightly worse
sensitivity to the CMB lensing spectrum than other settings considered here, and hence a
larger o(M,); the other settings mainly differ for ¢ > 700. We conclude that the determi-
nation of M, cannot drive the choice between different possible CORE settings, unlike the
determination of other parameters (e.g. tensor-to-scalar ratio, Neg) that critically depend on
the sensitivity and/or resolution of the instrument.
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Figure 10. Results for the minimal model with massive neutrinos (discussed in section 7.2 and
Table 12).

However, a next-generation CMB satellite is essential for getting such tight bounds on
the summed neutrino mass, because of its potential to measure small-scale polarisation and to
constrain the optical depth to reionization 7 (this is true for all CORE configurations). Indeed,
the suppression induced by neutrino masses in the CMB lensing potential could be nearly
cancelled by an increase in the primordial spectrum amplitude A,. Since the product e 27 A,
is fixed by the global amplitude of the CMB temperature/polarisation spectra, increasing A,
requires increasing 7. Future ground-based CMB experiments would only marginally improve
on the 7 determination from Planck, due to their limited sky coverage and large sampling
variance for small multipoles. Hence, they would be affected by an (M, 7) degeneracy for
the reasons discussed above. To prove the importance of this effect we repeated the forecast
for CORE-M5, cutting however all polarisation information for ¢ < 30, and replacing it by
a gaussian prior on 7 with the sensitivity of Planck, o(7) ~ 0.01. We did find a degeneracy
between M, and 7 and the error bar on the summed mass degraded by a factor 2. Instead,
we can clearly see in the left panel of Figure 9 that there is no such degeneracy, neither in
the Planck-alone contours, caused by the too weak sensitivity to the CMB lensing spectrum,
nor in CORE-alone contours because they break this degeneracy by measuring 7 with good
enough precision.

We can check how the combination of CMB data with other probes can achieve better
constraints with CORE than with Planck. We find that CORE+DESI BAOs is about two
times more constraining than Planck+DESI. This is related again to the better CMB lensing
spectrum extraction and optical depth measurement by CORE. There are actually two ways to
compensate the CMB lensing spectrum suppression induced by neutrino masses: by increasing
As and 7, or by increasing weqm [130]. This leads to a strong (M,, weqm) degeneracy when
using only CMB data (Figure 10, left plot). However, future BAO data will fix weqn with very
good accuracy. In the Planck+BAO case, the (M,, 7) degeneracy would then still remain
(Figure 9, middle plot). In the CORE+BAO case, with wegm fixed by BAOs and 7 nearly
fixed by polarisation measurements, very little degeneracies remain: in Figure 9, middle plot,
we just see a small positive correlation controlled by the error bar on 7. Hence CORE will
powerfully exploit the synergy between CMB and BAO measurements for measuring the
neutrino mass. The combination with Euclid will further reduce degeneracies and errors by
independently measuring the lensing spectrum at smaller redshifts than CORE. Even with
very conservative assumptions on Euclid (i.e. including only cosmic shear data for k& <
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Figure 11. Posterior distribution of the summed neutrino mass in the extended models ACDM +
M,, ACDM + M, + w and ACDM + M, + Q. The vertical dashed line shows the fiducial value.

0.5h/Mpc) we find that CORE+DESI+Euclid would have a sensitivity of o(M,) = 16 meV,
almost guaranteeing at least a 40 detection.

This claim relies on a 7-parameter forecast only, so we should still check its robustness
against non-minimal assumptions on the cosmological model.

7.3 Degeneracy between neutrino mass and other parameters in extended 8-
parameter models

In the previous section we found a sensitivity of about o(M,) = 44 meV for CORE-M5, using
any configuration, or 21 meV in combination with future BAOs, and 16 meV with future
cosmic shear data. We explained why the sensitivity to M, has a very weak dependence on
the assumed instrumental settings for CORE. To check how much these predictions depend
on the assumed cosmological model, we do several extended forecasts with 8 free parameters
instead of 7.

The new parameters studied here are the primordial helium fraction, the tensor-to-
scalar ratio, the constant Dark Energy equation of state parameter, the primordial scalar tilt
running, and the effective density fraction of spatial curvature. Since our focus here is on
neutrino masses, we do not investigate the sensitivity to these parameters in as much detail as
in the sections devoted to them. For instance, we use here a (weak energy principle) prior w >
—1, while in the Dark Energy section we will also consider phantom Dark Energy or a time-
varying w. Also, as in the rest of this paper, we stick to a mock CORE likelihood including
only temperature, E-polarisation and lensing data, and not using B-mode information: hence
we obtain much worse constraints on r than in the companion ECO paper on inflation [60], in
which B modes play an essential role; but at least the present forecast allows to conservatively
prove the absence of parameter correlation between M,, and r at the level of precision of CORE
combined with DESI and Euclid.

Our extended forecast results are summarised in Table 13. When varying the helium
fraction, the tensor-to-scalar ratio'!, or the tilt running, we find essentially the same sensitivity
to M, as in the 7-parameter model. Nonetheless, the cases with free w or 2, make the neutrino

"'With a free r and in the forecasts based on CMB data alone, the error bar o(M,) can be slightly smaller
in the extended model than in the 7-parameter model, which may sound odd. In fact, it comes from a volume
effect in Bayesian parameter extraction: models with 7 # 0 are less discrepant with the data when M, is
small, so after marginalising over r the posterior for M, is shifted to lower values.
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Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
Yiie 0.247 + 0.014 0.2475 + 0.0042 0.2476 = 0.0030 0.2476 - 0.0028 0.2476 + 0.0025
M, (meV) fixed s 74737 74737 73737
r < 0.055 (68%CL) | < 0.020 (68%CL) < 0.019 (68%CL) < 0.020 (68%CL) | < 0.020 (68%CL)
M, (meV) fixed < 95 (68%CL) < 97 (68%CL) 68123 6615
w (> —1) < —0.74 (68%CL) | < —0.886 (68%CL) | < —0.895 (68%CL) | < —0.900 (68%CL) | < —0.904 (68%CL)
M, (meV) fixed < 73 (68%CL) < 72 (68%CL) < 72 (68%CL) < 71 (68%CL)
10%dInn,/dInk —0.20 + 0.67 —0.01£0.30 0.00 £ 0.25 —0.00£0.25 0.00 +0.23
M, (meV) fixed < 110 (68%CL) 74187 74787 72187
102 Q —0.3755:53 —0.3775:5% —0.3375:58 —0.30558 —0.2879:38
M, (meV) fixed < 200 (68%CL) < 197 (68%CL) < 193 (68%CL) < 188 (68%CL)
Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
+ DESI + DESI + DESI + DESI + DESI
Yie 0.248 + 0.010 0.2477 4 0.0041 0.2477 + 0.0030 0.2477 4 0.0027 0.2477 4 0.0024
M, (meV) 70733 65133 651735 65 + 21 66175
7 < 0.062 (68%CL) < 0.020 (68%CL) < 0.019 (68%CL) < 0.020 (68%CL) | < 0.020 (68%CL)
M, (meV) 72187 62126 62133 63 + 22 63175
w (> —1) < —0.961 (68%CL) | < —0.965 (68%CL) | < —0.9653 (68%CL) | < —0.965 (68%CL) | < —0.965 (68%)
M, (meV) < 66 (68%CL) < 56 (68%CL) < 57 (68%CL) < 60 (68%CL) < 57 (68%CL)
102dInng/dInk —0.01 + 0.58 0.01 4+ 0.31 0.01 + 0.25 0.01+0.24 —0.00+0.23
M, (meV) 71733 66725 66721 66728 61773
10% Oy 0.07 +0.19 0.0140.11 0.00 + 0.10 —0.00 4 0.10 0.00 + 0.10
M, (meV) < 122 (68%CL) 66 £ 31 65131 65732 66 + 28
Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
+ DESI + Euclid + DESI + Euclid + DESI + Euclid | + DESI + Euclid | + DESI + Euclid
Yhe 0.2470 + 0.0091 0.2477 + 0.0040 0.2477 + 0.0029 0.2477 +0.0027 | 0.2477 + 0.0024
M, (meV) 63 + 26 63+ 17 63 + 16 62+ 16 62115
r < 0.063 (68%CL) < 0.020 (68%CL) < 0.020 (68%CL) | < 0.020 (68%CL) | < 0.020 (68%CL)
M, (meV) 62 + 23 60715 60712 60712 60713
w (> —1) < —0.9914 (68%CL) | < —0.9920 (68%CL) | < —0.9921 (68%CL) | < —0.9923 (68%) | < —0.9926 (68%)
M, (meV) 44772 4512 46722 48122 48137
10 dlInn,/dInk 0.01 + 0.52 0.01 + 0.29 0.01 + 0.24 0.00 + 0.23 0.01 + 0.22
M, (meV) 63 +25 63+ 17 63+ 16 63+ 16 63+ 16
102 €, 0.03 + 0.14 0.012 = 0.100 —0.002 =+ 0.094 0.004 =+ 0.098 —0.003 + 0.096
M, (meV) 70158 65 + 22 62 + 22 63 + 21 62 + 21

Table 13. 68% CL constraints on the additional parameters of several extended 8-parameter models,
for the different CORE experimental specifications, and with or without external data sets (DESI
BAOs, Euclid cosmic shear). For Planck alone, we quote the results from the 2015 data release,
obtained with a fired mass M, = 60 meV, while for combinations of Planck with future surveys, we fit
mock data with a fake Planck likelihood mimicking the sensitivity of the real experiment (although a
bit more constraining). In the case with free tensor-to-scalar ratio r, we did not include B-modes in
the likelihood, unlike in the companion ECO paper on inflation [60]. In the case with free w we used
a (weak energy principle) prior w > —1, that will be relaxed in the Dark Energy section of this paper.

mass detection more difficult, due to clear parameter degeneracies with M, when using CMB
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Figure 12. Results for the extended model ACDM + M,, + Q. The (M,, ) degeneracy is removed
by adding BAO data..
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Figure 13. Results for the extended model ACDM + M, + w (with a prior w > —1). The w
axis scale changes between plots because of the huge difference of sensitivity between data sets. The
(M,,w) degeneracy gets partially resolved by adding Euclid cosmic shear data.

data alone (see Figures 11, 12, 13).

We see in Figures 11, 12 that the (M,, Q) degeneracy (a particular case of the geomet-
rical degeneracy described in [131, 132]) gets broken by the inclusion of BAO data, bringing
the error down to o(M,) ~ 28 meV. With additional Euclid cosmic shear data, one would
reach o(M,) ~ 21 meV, still guaranteeing a 30 detection, while Planck+DESI+Euclid could
only achieve o(M,) ~ 32 meV for free Q.

In the case with free w (Figures 11, 13), the degeneracy remains problematic even with
CORE-+BAOQO data, but ultimately Euclid cosmic shear data could partly differentiate between
the physical effects of w and M, effects and lead to (M) ~ 19 meV under the prior w > —1,
instead of 26 meV for Planck+DESI4+BAOQ. The error bar would degrade by also allowing for
phantom dark energy, but on the other hand, the inclusion of further Large Scale Structure
data (e.g. the Euclid galaxy correlation function) would further help to break the degeneracy,
since the effect of neutrino masses and w have a different dependence on redshift and scales
[116].
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Figure 14. Results for the extended model ACDM + M, + one light and non-thermalised sterile

neutrino with effective mass m<f, contributing to the effective neutrino number as Nj.

7.4 Light sterile neutrinos

Right-handed or sterile neutrinos are present in several well-motivated extensions of the stan-
dard model of particle physics [44, 133]. If their mass is of the order of a few keV or bigger,
they can play the role of warm or cold dark matter, and they are constrained mainly by X-ray
and Lyman-alpha observations [133]. If their mass is of the order of the meV or smaller, they
will simply behave as extra relativistic relics contributing to Neg. There is another interesting
range deserving a specific study: that of light sterile neutrinos with a mass in the meV to
eV range. Such particles have been extensively discussed over the past years, for the reason
that the oscillations between such sterile neutrinos and active neutrinos (or more precisely,
between the mass eigenstates formed of active and sterile neutrinos) could explain a number
of possible anomalies in short-baseline neutrino oscillation data (see e.g. [135]).

Sterile neutrinos with large mixing angles would normally acquire a thermal distribution
through oscillations with active neutrinos, and their mass would then be very constrained
(essentially, as much as that of active neutrinos). However, the explanation of short baseline
anomalies requires an O(1) eV mass in tension with cosmological data. To avoid these bounds,
people have discussed several ways to prevent sterile neutrino thermalisation (see e.g. [44, 45,
134]). In that case, the bounds on the sterile neutrino mass become model-dependent, but
a wide category of models can be parametrised in good approximation with two numbers
(Ns, m), related to the asymptotic density at early times, given by ANeg = Ny, and the
asymptotic density at late times, given by the effective mass mgﬁ = 94.1w;s €V [11, 12|, where
ws is the sterile neutrino density. This covers both the case of light early-decoupled thermal
relics, and that of Dodelson-Widrow (i.e. non-resonantly produced) sterile neutrinos. For the
later case, the physical mass of the sterile neutrino is given by m, = mS /N;.

To investigate the sensitivity of CORE to a non-thermal sterile neutrino, we stick to the
same fiducial model as in the last subsections (total mass M, = 60 meV and Neg = 3.046),
but we now fit it with an extended model with 9 free parameters, including the summed mass
of active neutrinos M2°9v¢  as well as Ny and mS. We impose in our forecasts a top-hat prior
mgﬁ /N5 < 5 eV, designed to eliminate models such that the extra species has a large mass, a
very small number density, and behaves like extra cold dark matter.

Our results for the parameters (M2ctVe N, mgﬁ) are given in Table 14, and the prob-
ability contours for (Ns,mgﬁ) are shown in Figure 14. For CORE-M5, the bounds on the
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Parameter Planck, TEP | LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP | COrE+, TEP
msile (meV) < 332 < 56 <41 <37 < 34
ANgEerile <0.20 < 0.080 < 0.058 < 0.053 < 0.048
M3Uve (meV) fixed <79 < 76 <77 <82
Parameter Planck, TEP | LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP | COrE+, TEP
+ DESI + DESI + DESI + DESI + DESI
megrile (meV) <123 < 52 <42 <39 <35
ANsgerite <0.168 < 0.077 < 0.059 < 0.054 < 0.049
M3EeHve (meV) <65 43131 45735 47 4 26 48 4 26
Parameter Planck, TEP | LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP | COrE+, TEP
+ DESI + DESI + DESI + DESI + DESI
+ Euclid + Euclid + Euclid + Euclid + Euclid
megrile (meV) < 60 <43 <37 <35 <33
ANsgerite < 0.151 <0.074 < 0.057 < 0.054 < 0.049
MEeHve (meV) <63 43133 44423 44422 44732

Table 14. 68% CL constraints and upper bounds on cosmological parameters in the ACDM +
Mactive mﬁﬁf”le + A]ngtfe”'le model (accounting for massive active neutrinos plus one light and
non-thermalised sterile neutrino) from the different CORE experimental specifications and with or
without external data sets (DESI BAOs, Euclid cosmic shear). For Planck alone, we quote the results
from the 2015 data release, obtained with a fized active neutrino mass M2**Ve = 60 meV, while for
combinations of Planck with future surveys, we fit mock data with a fake Planck likelihood mimicking
the sensitivity of the real experiment (although a bit more constraining). For concision, we only show
the bounds for the extended model parameters.

sterile sector are impressive:

(m&, Ny) < (37meV,0.053), (CORE — M5, 68%CL)

to be compared with

(meT, Ny) < (330meV,0.2).  (PlanckTT + lowP + lensing + BAO, 68%CL).

The sensitivity to (mgﬁ7 N;) depends heavily on the CORE settings. The error on Ny varies
by a factor two between LiteCORE-80 and COrE+. As discussed in section 5, this comes
mainly from the ability to measure the temperature and polarisation damping tail up to high
multipoles when the instrumental sensitivity and resolution are good enough. Besides, the
measurement of the CMB lensing potential constrains the density of hot dark matter today,
and hence roughly M2tve 1 mef If this were the only effect, all CORE configurations would
lead essentially to M2ctive 4 mgff = 60 £+ 44 meV at one sigma, and to the same constraints
on mT. However, there is some extra sensitivity to me® coming from the fact that for small
Njg, the physical mass associated to a given value of mgff can be large!'?, such that the sterile
neutrinos have their non-relativistic transition before photon decoupling. In that case, there
are additional effects on CMB primary anisotropies'® that an experiment sensitive to smaller

12)More precisely, the velocity dispersion given by (p)/ms can be much smaller than for active neutrinos
13Hot Dark Matter particles become non-relativistic before photon decoupling have a direct impact on CMB
fluctuations at the level of primary anisotropies: they tend to suppress small-scale fluctuations.
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angular scales can constrain better. This explains the gain in sensitivity to m<f between
LiteCORE-80 and COrE+. CORE-M5 appears as a good compromise, more constraining
than LiteCORE-80 by 50% for both Ny and m&f. In summary, with a sensitivity to m&f ten
times better than Planck, CORE-M5 appears as an ideal instrument for constraining light
sterile neutrinos, and the CORE data release will play a key role in the discussion of anomalies
in short baseline neutrino oscillations.

Note that with CORE data alone, we find no lower bound on the active neutrino mass
M, in presence of a sterile neutrino, because the physical effect of the mass M, = 60 meV in
the fiducial model can be partially endorsed by the sterile neutrino mass. In other words, the
data is not able to tell whether the fiducial mass of 60 meV belongs to active neutrinos, or to
a mixture of sterile and active neutrinos. By removing degeneracies, BAO data from DESI
makes the CMB lensing spectrum more sensitive to M2V +mf and given the upper bound
on mf, one now finds a lower bound on M2°%ve. Cosmic shear data from Euclid directly
probes the free-streaming effect associated with Ma<ive 1 mef  which results in a slightly
better sensitivity to M2°%¥e but the constraints on the sterile neutrino sector remain roughly
the same as when considering CORE alone.

7.5 Constraints on self-interacting neutrinos

In the standard cosmological scenario, neutrinos decouple at T' ~ 1 MeV, when the rate for
weak interactions becomes smaller than the expansion rate. After that moment, neutrinos
behave as free-streaming particles. This picture is a consequence of combining the standard
model of particle physics with general relativity, and can be tested already with present cos-
mological data [12, 136-141]; CORE will allow to test its validity even further. Moreover, the
possibility of non-standard neutrino self-interactions that make the neutrino fluid collisional
also at T' < 1 MeV is envisaged in some extensions of the standard model of particle physics
[143-145].

Collisional neutrinos in a cosmological framework can be modelled in different ways. A
popular approach is to introduce effective viscosity and sound speed, following the parame-
terization introduced in Ref. [146]; this is the approach followed in Refs. [138-140, 147-150).
This method has the advantage of being, to a good extent, model-independent; however, the
effective parameters are taken to be time-independent, a situation that is seldom realized in
physical models. Moreover, the interpretation of deviations from the free-streaming case is
not immediate [136, 151]. For these reasons we choose not to use the effective parameteri-
zation. Alternative approaches consist in switching the behaviour of the neutrino fluid from
free streaming to highly collisional (or viceversa) at some redshift (like in Ref. [137]), or to
insert an (approximate) collision term modelling neutrino-neutrino scatterings directly in the
Boltzmann equation (like in Refs. [136, 141]); here we will stick to the latter method. In
particular, we use the relaxation time approximation to rewrite the Boltzmann hierarchy (in
synchronous gauge) for massless neutrinos as:

R 4 2.
§=——0—Zh 71
30— 3h- (7.1a)
, 1
6 =k? <45 — H> , (7.1b)
4 3 2. 4
3 :—6—7kF 7h -n — Fin 9 1
7= 350 T s gt T et (7.1c)
: k
Fy = 726 1 [EFE—l - (f + 1)FZ+1 —al'int Fy (E > 3) : (71d)
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where Iy, is the scattering rate, and for the rest we follow the notation of Ma & Bertschinger
[152].

The exact form of the collision term depends on the detail of the underlying particle
physics model; however, two broad classes of models can be considered by means of an
effective parameterization of the collision term. In models in which the neutrino interaction
is mediated by a scalar (like, e.g. in Majoron models), Tyt ~ ¢*T,, (g being the typical value
of the Yukawa couplings), so that I'iy,/H increases with time and neutrino become collisional
again at some later time after decoupling. In models in which the interaction is mediated by
a vector, Ijpt ~ G?XTE’ (Gx being the “Fermi constant” of the new interaction) at low energies
(below the mass of the mediator), so that neutrino possibly remain collisional for a longer
time after weak decoupling.

Here we consider models of the first kind, i.e., scalar-mediated, and write the interaction
rate as 'y = géﬁTy. We then run a forecast for the model ACDM + geg, with a flat prior on
géﬂ, assuming massless neutrinos. The fiducial model has ggﬁ = 0 and M, = 0, to be coherent
with the assumption of massless neutrinos. We report our results in Tab. 15 and show the
one-dimensional posterior for g for various CORE configurations in the left panel of Fig.
15. We find that typical 95% upper limits on gélff are of the order of 7 x 10729 for all CORE
configurations considered here, roughly a factor 8 improvement with respect to current limits
from Planck [141]. The marginal dependence of the sensitivity on the CORE settings is due
to the fact that the effect of the interaction mainly shows up on intermediate angular scales in
the temperature spectrum, and even more clearly in the E-mode polarisation spectrum [141]
(as would also be the case for the phenomenological model with effective viscosity and sound
speed [140]). On those scales, all CORE configurations have a very good sensitivity to E-
modes, close to cosmic variance. Non-standard neutrino scalar interactions can also be probed
by searches for neutrinoless double 8 decay [153, 154] or observations of the neutrino signal
from supernovae [155-158|. A proper comparison between constraints from the various probes,
including cosmology, is somehow model-dependent; however, for simple models, cosmology
gives the tightest limits on the couplings.

Non-standard neutrino interactions also introduce additional parameter degeneracies.
The extra pressure of the neutrino fluid induced by collisions changes the height of the peaks
in the CMB spectra, in a way that can the compensated by changing accordingly other
parameters, most notably a combination of 6, Q.h? or n, [141]. In the right panel of Fig. 15
we show the two-dimensional posterior for ng and ggﬁ, where the correlation is particularly
evident. We note however by comparing Tables 3 and 15 that the precision on the ACDM
parameters is only slightly degraded in presence of interacting neutrinos.
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Parameter | LiteCORES80, TEP | LiteCORE120, TEP CORE-M5, TEP COrE+, TEP
107" gl < 0.075(95% CL) < 0.073 (95% CL) < 0.070 (95% CL) < 0.069 (95% CL)
Quh? 0.022175 4 0.000051 | 0.022172 4 0.000041 | 0.022176 + 0.000037 | 0.022179 + 0.000034
Qch? 0.12051 + 0.00033 0.12052 + 0.00030 0.12051 + 0.00027 0.12053 =+ 0.00026
1000 ¢ 1.04075 4 0.00011 | 1.040736 4+ 0.000091 | 1.04072975-30508¢ | 1.040724 + 0.000078
T 0.0600 + 0.0020 0.060179:0529 0.0602790020 0.060379:0039
ns 0.963275-9028 0.963115-001% 0.9631 + 0.0017 0.9633 £ 0.0016
In(10'°Ay) 3.0551 + 0.0037 3.0553 + 0.0037 3.0555 + 0.0036 3.0556 + 0.0036
Hy 67.46101% 67.45 4 0.12 67457011 67.45 4 0.10
o3 0.8306 + 0.0013 0.8307 £ 0.0012 0.8307 +0.0011 0.8308 £ 0.0010

Table 15. Parameter constraints for ACDM + geg (68% CL uncertainties, unless otherwise stated),
for different CORE experimental configurations.
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Figure 15. Self-interacting neutrinos: (Left panel) one-dimensional posterior distribution for gif 7
for different CORE configurations; (Right) two-dimensional 68% and 95% credible regions in the (ng,
ggf f) plane, for the same configurations.
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8 Constraints on the Dark Energy equation of state

Since its discovery [274, 275|, one major goal of modern cosmology is to determine the nature
of the dark energy component responsible of the current accelerated expansion of the universe
[276-280]. A crucial measurement in this direction is the determination of the dark energy
equation of state w, defined as the ratio between the dark energy pressure and energy density:
w(a) = Pge/pde (see, e.g. [281]). In this section we forecast the constraints achievable by
CORE on the dark energy equation of state parametrized either by a constant w either by
a Chevallier-Polarski-Linder (CPL) [282, 283] form where w is a linear function of the scale
factor:

w(a) =wo + (1 — a)w, (8.1)

with wy and w, as free parameters, constants with redshift.

8.1 Future constraints from CORE

The recent Planck data alone, considering both temperature and polarization power spectra
combined with lensing data, provide just a weak constraint on the dark energy equation of
state (assumed as constant with redshift) with w = —1.4270%2 at 68% c.l. [12]. This is due
to the well known geometrical degeneracy between w and Hy since both modify the angular
diameter distance at recombination (see e.g. [103-105|). However, the improvement in the
measurement of CMB lensing with CORE could provide more stringent constraints on w as
we report in Table 16. As we can see, a CORE-M5 configuration alone could constrain the
dark energy equation of state with a ~ 10% accuracy almost identical to the one provided by
COrE+. Weaker constraints, at the level of ~ 15 — 20%, could be reached by LiteCORE-120
and LiteCORE-80 respectively. CORE-M5 could therefore improve current constraints on
w from Planck by a factor 2-3. This can be also seen in the left panel of Figure 16 where
we plot the 2D posteriors in the Hy vs w plane from current Planck data and from future
CORE configurations. In particular, it is interesting to notice how CORE can now bound Hj
independently from any external dataset.

Parameter Planck + lensing | LiteCORE 80, TEP | LiteCORE120, TEP CORE-M5, TEP COrE+, TEP
w -142%538 —1.06 1513 ~1.055:36 —1.0475468 —1.041014
Qph? 0.02225 4+ 0.00016 | 0.022186 4 0.000056 | 0.022183 £ 0.000041 | 0.022182 4 0.000039 | 0.022183 4 0.000034
Qch? 0.1192 4 0.0014 0.12036 4 0.00061 0.12040 4 0.00055 0.12041 £ 0.00051 0.12039 £ 0.00047
1000ac 1.04087 + 0.00033 | 1.04070 «+ 0.00010 | 1.040698 + 0.000088 | 1.040695 + 0.000083 | 1.040698 + 0.000078
T 0.055 + 0.015 0.0597 35019 0.0596 + 0.0020 0.0597 +5-0019 0.0597 10:0039
ns 0.9653 & 0.0047 0.9621 = 0.0020 0.9621 = 0.0018 0.9621 4 0.0018 0.9621 = 0.0017
In(10"°A,) 3.042 £ 0.028 3.0558 + 0.0040 3.0557 13-50%¢ 3.0560 +3:5037 3.0558 19-0038
Hy [km/s/Mpc] > 75.6 69.0 51 68.5729 68.1728 68.3727
o3 0931382 0.834 1928 0.830 +9-52¢ 0.827 19522 0.828 13037

Table 16. 68% CL constraints on cosmological parameters in the ACDM + w model from the
Planck+Lensing real dataset (see [12]) and different CORE experimental specifications.

In Table 17 we present constraints on wy and w, using CORE data alone. As we can

see, the achievable constraints are rather weak, due to the intrinsic geometrical degeneracy
between these parameters that clearly affects CMB data. This is clearly visible in Figure 16
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Parameter Planck + lensing | LiteCORE 80, TEP | LiteCORE120, TEP CORE-M5, TEP COrE+, TEP
wo —1.40 1034 > -1.25 > —1.29 > -1.23 > -1.23
W, < 0.299 —0.1593 —0.1199 —0.1199 —0.1198
Qph? 0.02226 4 0.00016 | 0.022188 4 0.000055 | 0.022183 £ 0.000041 | 0.022183 4 0.000038 | 0.022182 4 0.000034
Qch? 0.1192 + 0.0014 0.12028 7595059 0.12033 = 0.00057 0.12036 +5:50042 0.12035 7000025
1000xc 1.04087 + 0.00032 | 1.04070 + 0.00011 | 1.040703 4 0.000090 | 1.040699 + 0.000083 | 1.040701 + 0.000078
T 0.054 + 0.015 0.0597 + 0.0020 0.0598 + 0.0021 0.0597 +0:005% 0.0596 + 0.0020
s 0.9653 + 0.0046 0.9624 = 0.0020 0.9623 £ 0.0018 0.9623 4 0.0018 0.9622 = 0.0017
In(10'°A,) 3.039 15926 3.0555 150939 3.0557 + 0.0041 3.0557 159930 3.0555 £5-00%
Hy [km/s/Mpc] > 76.8 70715, 69 H17 68.875% 68.9 5%
o3 0931382 0.841 73945 0.835 10-041 0.831 13541 0.832 70939

Table 17. 68% CL constraints on cosmological parameters in the ACDM + wg + w, model from the
Planck+Lensing real dataset (see [12]) and different CORE experimental specifications.

100 | | T 2 | .
P‘anck + lensing Plar1ck + lensing
90 |  CORE-M5 1 | core-ms
COrE+ | COrE+ |
o 80 I | N
I = 0
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60 - | —
| | | | ) |
-20 -—-15 —-10 -0.5 —-20 —-15 —-1.0 —-0.5
w w

Figure 16. Left Panel: Constraints on the Hy vs w plane from current Planck + CMB lensing data
and from future CORE configurations. Notice the improvement on the bounds on Hy from CORE
with respect to Planck. Right Panel: Constraints on the w, vs wq plane from current Planck+Lensing
datasets and from different future CORE configurations. In all simulated cases a cosmological constant
is assumed.

(right panel) where we plot the constraints on the w, vs w, plane from current Planck+CMB
Lensing data and from future CORE configurations. However is important to note that
while Hy is undetermined from current Planck constraints, CORE will provide a ~ 10%
determination of this parameter even in this very extended parameter space.

8.2 Future constraints from CORE-+DESI

It is interesting to quantify the improvement on w when future BAO datasets are included
in the analysis. In Table 18 we present the constraints achievable by CORFE combined with
a future BAO survey as DESI. We compare the results with those coming from a satellite
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Parameter Planck + lensing | LiteCORE 80, TEP | LiteCORE120, TEP CORE-M5, TEP COrE+, TEP
+DESI +DESI +DESI +DESI +DESI
w —1.002 £ 0.043 —1.001 £ 0.020 —1.000 = 0.020 —1.001 =+ 0.020 —1.000 £ 0.019
O h* 0.02218 +0.00014 | 0.022182 + 0.000052 | 0.022179 +0.000041 | 0.022182 4 0.000039 | 0.022180 5359937
Qch? 0.1205 + 0.0012 0.12049 + 0.00029 0.12051 # 0.00027 0.12049 1505022 0.12049 + 0.00025
1000 c 1.04069 + 0.00033 | 1.04069 4 0.00010 | 1.040690 + 0.000081 | 1.040695 + 0.000092 | 1.040696 + 0.000072
T 0.0605 795050 0.0598 35038 0.0596 + 0.0021 0.0597 + 0.0022 0.0598 + 0.0023
s 0.9620 + 0.0035 0.9618 + 0.0017 0.9619 73-501¢ 0.9619 735018 0.9619 + 0.0014
In(10 Ay) 3.058 13019 3.0564 735033 3.0561 4 0.0038 3.0562 +0.0043 3.0563 F3:50%5
Ho [km/s/Mpc]| 66.98 + 0.85 66.97 + 0.56 66.95 + 0.57 66.98 = 0.57 66.96 = 0.56
os 0.818 £ 0.016 0.8175 £ 0.0056 0.8173 £ 0.0053 0.8175 + 0.0053 0.8174 + 0.0051
Table 18. 68% CL constraints on cosmological parameters in the ACDM + w model from

CORE+DESI. All the datasets (including Planck+lensing) consist of simulated datasets with a cos-
mological constant assumed as fiducial model.

with experimental sensitivity as Planck again combined with DESI, derived assuming a cos-
mological constant as fiducial model. As we can see, while there is no significant variation
in the precision between the different CORFE configurations, there is a relevant factor ~ 2
improvement with respect to Planck+DESI. In few words, the constraints on the dark energy
equation of state coming from a combination of cosmological data will significantly improve
with CORE. This is also evident from the left panel of Figure 17.

In Table 19 we present costraints on wg and w, using CORE in combination with the
simulated DESI dataset. Again, the DESI data is able to significantly break the geometrical
degeneracy that affects the CMB data. This is clearly visible in Figure 16 where we plot the
constraints on the w, vs w, plane. When the DESI data is included there is no significant
difference between the constraints obtained from the CMB by the different configurations.
CORE+DESI would improve the precision in the constraints by ~ 20% — 30% with respect
to Planck-+DESI. This is also evident from the right panel of Figure 17.

Before concluding this section is important to note that the CORE-SZ cluster measure-
ments at low redshift [61] will further increase the accuracy on the constraints presented
here.
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Parameter Planck + lensing | LiteCORE 80, TEP | LiteCORE120, TEP CORE-M5, TEP COrE+, TEP
+DESI +DESI +DESI +DESI +DESI
wo —0.96 75 3% —0.97 £0.16 —0.98 £0.17 —0.98 £0.16 —0.97 £ 0.16
We —0.14 1352 —0.071333 —0.05 %+ 0.39 —0.051041 —0.08 1041
Qh? 0.02217 4 0.00014 | 0.022178 4 0.000052 | 0.022180 + 0.000041 | 0.022182 & 0.000037 | 0.022182 + 0.000033
Q.h? 0.1208 + 0.0014 0.12049 + 0.00032 0.12049 4 0.00029 0.12048 +0.00027 | 0.12049 + 0.00026
1000 1.04067 + 0.00036 | 1.040685 % 0.000097 | 1.040691 £5950052 | 1.040692 + 0.000077 | 1.040691 F3-550959
T 0.0600 +3-5052 0.0597 + 0.0020 0.0598 + 0.0020 0.0596 + 0.0020 0.0595 10:0037
ns 0.9613 + 0.0039 0.9620 + 0.0017 0.9620 + 0.0015 0.9619 139015 0.9619 + 0.0014
In(10'°Ay) 3.058 75919 3.0561 & 0.0038 3.0563 = 0.0037 3.0561 F3:5038 3.0559 =+ 0.0037
Hy [km/s/Mpc] 66.7+1.8 66.8+1.7 66.8+ 1.7 66.8+ 1.6 66.7+1.7
os 0.818 + 0.018 0.816 + 0.015 0.816 4 0.015 0.816 4 0.014 0.815 + 0.015

Table 19. 68% CL constraints on cosmological parameters in the ACDM + wy + w, model when
the DESI BAO dataset is included. All the datasets (including Planck+lensing) consist of simulated

datasets with a cosmological constant assumed as fiducial model.
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Figure 17. Left Panel: Constraints on the w vs Hy plane from simulated Planck+DESI and
CORE-+DESI datasets. Right Panel:Constraints on the w, vs wq plane from simulated Planck-+DESI
and CORE+DESI datasets.
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9 Cosmological constraints from CORE-MS5 in extended parameter spaces

In the previous sections we have reported the constraints achievable from CORE-M5 on the 6
parameters of the ACDM model and for one or two parameters extensions as, for example, the
helium abundance and the neutrino effective number Y, + Neg (Section VI), or the neutrino
mass and effective number M, + Neg (Section VII). In this section, along the lines of recent
analyses as [168], we further extend the parameter space by considering 3 or 4 more parameters
with respect to ACDM. The reason of this kind of analysis is clear: we need to assess the
stability of the constraints under the assumption of ACDM. Moreover, if we extend the
parameter space the CORE constraints will be clearly relaxed since degeneracies are present
between the parameters. It is therefore useful to quantify how much future datasets as DESI
will help in breaking these degeneracies and what is the gain of CORE-MS5 in this case with
respect to current results from Planck.

9.1 CORE-MS5 constraints in a ACDM+-Ng+-Y,+M, model.

Parameter Planck Planck + DESI CORE-M5, TEP CORE-M5, TEP + DESI
M, [eV] <0.378 0.106 3559 0.081 0922 0.072 15527
Negt 3111938 3.19 0% 3.05 +£0.10 3.043 =+ 0.099
yFBN 0.238 79022 0.239 73-0%2 0.2463 + 0.0057 0.2466 + 0.0057
Qyh? 0.02203 +0.00029 | 0.02222 + 0.00019 | 0.022178 + 0.000061 0.022181 + 0.000060
Qch? 0.1222 150052 0.1224 153052 0.1206 150012 0.1204 £ 0.0015
1000r¢ 1.0401 £ 0.0014 1.0403 £ 0.0013 1.04066 + 0.00034 1.04069 + 0.00034
T 0.0598 759553 0.0608 759052 0.0596 + 0.0020 0.0596 + 0.0021
ns 0.957 +£0.011 0.9642 +0.0072 0.9616 + 0.0029 0.9618 =+ 0.0026
In(10'° Ay) 3.057 £ 0.016 3.061 +0.015 3.0563 + 0.0048 3.0558 +0.0048
Ho [km/s/Mpc] 64.7 137 67.571% 66.81 £ 0.75 66.91 =+ 0.49
o8 0.768 70053 0.813 1531 0.8146 T3-09%9 0.8162 =+ 0.0037

Table 20. 68% CL constraints on cosmological parameters in the ACDM + M, + Neg + Yp
model. All datasets (including Planck) are simulated assuming as fiducial model a ACDM model with
M, = 0.06 eV.

We first consider an extension to ACDM varying at the same time three parameters
already well discussed in the previous section: the number of relativistic degrees of freedom
at recombination, Neg, the primordial Helium abundance, Y),, and the total neutrino mass,
M,,. The forecasted constraints are reported in Table 20 and in Figure 19. As we can see,
in this extended parameter space CORE-M) will provide a significant improvement on the
determination of the cosmological parameters with respect to Planck (about a factor ~ 7 —4)
and, also, with respect to Planck+DESI (about a factor 2—3). CORE-M5+DESI will strongly
improve the constraints respect to Planck+DESI by a factor 3 — 5. Is important for example
to notice that a safe detection for a neutrino mass at the level of two standard deviations
will be impossible from Planck-+DESI, while it will still be achievable by CORE-M5+DESI.
The inclusion of the DESI dataset will not substantially improve the CORE-M5 constraints
on Neg and M,,.
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Figure 18. Constraints on the Neg vs M, plane (Left Panel) and Neg vs Y, plane (Right Panel)
from Planck, Planck+DESI, CORE-M5, and CORE-M5+DESI simulated datasets. The dashed line
corresponds to the ACDM prediction. ACDM with M, = 0.06 eV is assumed as fiducial model.

Parameter Planck Planck + DESI CORE-M5, TEP CORE-M5, TEP + DESI
M, [eV] < 0.479 0.1313:95 0.110 = 0.060 0.084 15055
Negr 3.08 7038 3177943 3.07 +£0.11 3.05 +£0.10
yFEN 0.238 +9-024 0.241 +5:024 0.2457 +0.0057 0.2462 53088
w 1465 10235070 ~115+0% 10147003
Qph? 0.02198 £ 0.00030 | 0.02221 4 0.00022 | 0.022182 %+ 0.000061 0.022178 £ 0.000059
Qch? 0.1219 F5-955¢ 0.1222 759054 0.1209 +0.0017 0.1206 + 0.0016
10002 1.0401 + 0.0015 1.0403 £ 0.0013 1.04060 + 0.00036 1.04065 + 0.00035
T 0.0596 59552 0.0608 759054 0.0598 + 0.0020 0.0597 + 0.0020
ns 0.956 4 0.011 0.9636 + 0.0081 0.9622 + 0.0031 0.9616 + 0.0027
In(10'°A,) 3.055 4 0.016 3.060 +0.015 3.0571 + 0.0050 3.0565 + 0.0049
Ho [km/s/Mpc] 76119 67.8110 71.2+37 67.219:9
o8 0.85 £0.11 0.812 4 0.020 0.848 10031 0.8175 19-0057

Table 21. 68% CL constraints on cosmological parameters in the ACDM+w+M,+N.g-+Yp model.
All datasets (including Planck) are simulated assuming as fiducial model a ACDM model with M, =
0.06 eV.

9.2 CORE-MS5 constraints in a ACDM+Neg+Y,+M,+w model.

We now examine a further extension of the parameter space by considering also variations in
the dark energy equation of state w (assumed as constant with redshift). In this case we then
vary 10 parameters at the same time: the 6 parameters of the standard ACDM model, plus
w, M, Neg, and Yp. The forecasted constraints are reported in Table 21, while in Figure 19
we report the 2D posteriors on the Neg vs M, plane (Left Panel) and w vs M, plane (Right
Panel). As we can see, also in this case the improvement in the parameter constraints from
CORE-M5 with respect to Planck is extremely significant.
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Figure 19. Constraints on the Neg vs M, plane (Left Panel) and w vs M, plane (Right Panel)
from Planck, Planck+DESI, CORE-M5, and CORE-M5+DESI simulated datasets. The dashed line
corresponds to the ACDM prediction. ACDM with M, = 0.06 eV is assumed as fiducial model.

9.3 Figure of Merit

It is interesting to quantify the improvement of CORE-M5 with respect to current and future
datasets by comparing the Figure of Merit (hereafter, FoM) for several cases. Given a covari-
ance matrix of parameter uncertainties for an experimental configuration, we can define the

FoM, for ACDM, as:

FoMacpwm = (det[cov{Quh?, Qch?, 0, 7, Ag, ng}]) /2 (9.1)
that is roughly inversely proportional to the volume of the constrained parameters space (see
for example [169]). Clearly, we can also consider the FoM for an extended parameter space,
simply defined as

FoM_g = (det[cov{Quh?, Qch?, 0, 7, As, ng, pi}]) /> (9.2)
where p; with i = (1,...N) are the N additional parameters one can consider.

It is therefore interesting to compare the constraining power of different experimental
configurations by considering the ratios of the FoM, given a cosmological model. In Ta-
ble 22 we indeed report these ratios, using the Planck+Lensing 2015 FoM as a baseline, for
Planck+DESI, CORE-M5 and CORE-M5-+DESI, for ACDM and several extensions. As we
can see, the improvement in adding DESI to Planck will be important (> 10) only for ex-
tensions of ACDM. Indeed, as also discussed in the third section of this paper, adding DESI
to Planck or CORE will not improve the constraints on the ACDM parameters significantly.
However, CORE-M5 can reduce the volume of the ACDM parameter space by almost 3 orders
of magnitude with respect to the current constraints from Planck. As we can see from the
results reported in the Table, CORE-M5 will reduce the currently viable parameter space by
almost four orders of magnitude in case of single parameter extensions and up to more than
five orders of magnitude in case of a 4 parameters extensions.
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Model Planck+DESI | CORE-M5 | CORE-M5+DESI
ACDM 3.3 2.3 x 10° 2.3 x 10°
ACDM + M, 11 8.9 x 10° 2.0 x 10*
ACDM + w 24 5.4 x 10° 2.2 x 10*
ACDM + M, + Neg 15 4.7 x 10* 1.0 x 10°
ACDM + wo + wq 42 4.7 x 10® 1.3 x 10°
ACDM + Yp + M, + Negr 13 2.5 x 10° 5.0 x 10°
ACDM + w + Yp + M, + Negt 140 5.2 x 10° 9.1 x 10°

Table 22. Improvement with respect to simulated Planck data of the global figure of merit in the
different cosmological scenarios specified in the first column for various data combinations involving
CORE-M5 and future BAO measurements from the DESI survey.
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10 Recombination physics

The cosmological recombination epoch marks an important era in the thermal history of our
Universe [194, 206|. It determines the transition of the fully-ionized primordial plasma (z 2
8000), consisting mainly of free electrons, protons, and a-particles all immersed in the bath
of CMB photons, to the quasi-neutral phase'®, with hydrogen and helium atoms at z < 500.
The fine details of the evolution of doubly-ionized helium (5000 < z < 7000) and neutral
helium!® (1700 < z < 3000) only have a tiny direct impact on the CMB anisotropies, because
they occur too deep inside the scattering medium to affect them strongly. Anisotropies in the
medium mainly become visible during the recombination of hydrogen around z ~ 1100, when
photons have the largest probability of last scattering off of free electrons [195, 203].

Today’s measurements of the CMB anisotropies are so precise that tiny variations of the
free electron fraction at the 2 0.1% — 0.5% level during hydrogen recombination can induce
measurable differences and biases in the main cosmological parameters [198, 202]. Conversely,
this means that measurements of the CMB anisotropies can be used to directly constrain
recombination physics and alternative recombination scenarios [e.g., 23, 24, 180, 196]. In this
section we outline some of the possible future directions.

10.1 Remaining uncertainties among recombination codes

Already for Planck, significant improvements over the standard recombination code, recfast
[201], had to be included to achieve the necessary sub-percent accuracy in the ionization frac-
tion. This lead to the development of the publicly available recombination codes CosmoRec
[177] and HyRec [170], which agree at the < 0.1% level around hydrogen recombination. Both
codes include much more detailed computations of radiative transfer and atomic physics than
recfast. However, it has been shown that the precise dynamics of hydrogen recombination
could be captured with recfast when using fitting functions calibrated on the detailed com-
putations for a given reference cosmology [198, 202]. Thus, most analyses available in the
literature, including the main papers of the Planck collaboration, use recfast instead of the
full - albeit slightly more time-consuming - computations with HyRec or CosmoRec. In this
section we check that the accuracy of recfast 1.5 [205] is still sufficient for the analysis of
COrE+ data'®. We only compare recfast 1.5 with HyRec using CLASS, which is sufficient
given that HyRec agrees very well with CosmoRec.

To determine possible biases in parameters caused by remaining differences in the mod-
eling of the recombination process, we generate mock data using recfast, and then analyse
it with models computed either with recfast or HyRec, assuming COrE-+ sensitivity. For
most parameters we find negligible shifts of the recovered mean values in comparison with
the standard deviations. The biggest shift is for the scalar spectral index ng (see Table 23),
which is found to be biased by Ans; = 0.00044 = 0.310(ns) due to discrepancies between
the recombination codes. The parameters 65 and og also have non-negligible shifts, by 0.15¢
and 0.200 respectively. Overall, this shows that for next-generation experiments like COrE+
and Stage-IV CMB, the precision of recfast 1.5 is marginally sufficient. For a high-precision
interpretation of the real data, the full recombination models from CosmoRec or HyRec should

14 After recombination some tiny fraction ~ 2 x 10~* of the hydrogen atoms remain ionized even before
reionization at z < 10.

15Tn earlier recombination calculations, the recombination of helium extended into the recombination era
of hydrogen; however, detailed recombination treatments have shown that helium recombination finished at
z ~ 1700, significantly diminishing its direct impact on the CMB anisotropies [178, 184, 197, 204].

16We restrict this test to the most sensitive configuration to make the point.
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be used.!'” Of course, for the purpose of parameter sensitivity forecasts it makes no difference

to use recfast 1.5 instead, and as such this is what is done throughout this work.

Parameter Recfast HyRec shift shift in o units

Qph? 0.02225618 + 0.000033 | 0.02225573 4 0.000032 | 4.5 x 1077 0.014

Q.h? 0.119751 % 0.00026 0.119733 % 0.00026 1.8 x 1075 0.068
10005 1.040802 + 0.000073 1.040791 % 0.000074 1.1x107° 0.15

T 0.060292 £+ 0.0020 0.060377 &+ 0.0020 —8.5x107° -0.042
N 0.96450 £+ 0.0014 0.96406 + 0.0014 0.00044 0.31

ln(lOloAs) 3.09452 £ 0.0035 3.09465 + 0.0035 -0.00013 -0.036
Ho (km/s/Mpc) 67.017 +0.103 67.001 % 0.101 0.016 0.16
os 0.83004 £ 0.00102 0.82983 £ 0.00104 0.00021 0.20

Table 23. Recovered ACDM parameters from mock COrE+ data, using either RecFast 1.5 or HyRec.

10.2 Measuring Ty at last scattering

Our most precise determination of Ty comes from the CMB energy spectrum measured by
FIRAS, yielding Ty = 2.7255 + 0.0006 K [181, 182, 190]. However, the CMB power spectra
can also help determine it [12, 179, 193], since different values of Tj have peculiar effects on
both CMB perturbations and recombination physics. If we were able to make a precise and
unique measurement of Ty at the redshift of CMB decoupling, we would achieve a crucial test
of the temperature-to-redshift relation T'(z) o (1+ z), which can indeed be modified in exotic
models [172, 186, 187].

A change of Tj has very strong effects on the CMB power spectra [12, 176, 183], al-
though many of them are exactly degenerate with shifts in other parameters like wp, Wedm,
and Qah2. Indeed, the CMB is only probing ratios between the density of different species,
and a global rescaling of all densities is unconstrained (unless one uses external data, like
direct measurements of Hp). In particular, if one artificially fixed z;ec while carrying out such
a global rescaling, it would leave the angular scale of the sound horizon 05 = rg(2rec) /DA (2rec)
unchanged. But a shift in 2., which is affected by the absolute value of T, does change 6y,
thus lifting the degeneracy. Therefore, it is possible to measure Ty from CMB observations
only, provided that we exquisitely measure the angular scale of acoustic oscillations 6. In the
temperature spectrum, this measurement is slightly degraded by the presence of extra con-
tributions, from the Doppler or early ISW effect. The polarisation spectrum does not include
such contributions, and offers an opportunity to make a clean, uncontaminated measurement
of the acoustic scale at the recombination time.

Due to significant errors on the polarisation spectrum, Planck was not the ideal exper-
iment to measure Ty, and could only give constraints on this number in combination with
external data (o(7p) = 27 mK for Planck 2015 TT+lowP+BAO [12]). Thanks to unprece-
dented polarisation sensitivity, one expects CORE to do much better. To demonstrate this,
we analysed mock data with a ACDM model adding Ty as free parameter, with a flat prior

17 Alternatively, the difference can be reduced by re-calibrating the fudge-functions of recfast using HyRec
or CosmoRec for the Planck cosmology; however, given that the performance of the full recombination codes
does not cause any bottleneck for the parameter estimation, this seems moot.
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on Tp in the range [2.5, 3] K. We used the Nested Sampling algorithm MULTINEST [78], which

proved to converge faster than the Metropolis-Hastings algorithm in this case.

Parameter Planck + BAO LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
Ty [K] 2.711 + 0.023 2.727 4 0.021 2.726 4 0.019 2.727 +0.018 2.727 +0.018
Quh? 0.02188 + 0.00064 | 0.02229 = 0.00049 0.02228 4 0.00044 | 0.02228 +0.00043 | 0.02229 + 0.00044
Q.h* 0.1182 + 0.0021 0.1200 =+ 0.0034 0.1199 =+ 0.0030 0.1199 = 0.0029 0.1200 =+ 0.0029
1000, 1.04190 £ 0.00058 | 1.04080 % 0.00015 1.04080 £ 0.00012 | 1.04080 % 0.00012 | 1.04080 = 0.00011
T 0.069150:% 0.0603 + 0.0023 0.0604 + 0.0022 0.0603 + 0.0022 0.0603 + 0.0023
N 0.9648 + 0.0054 0.9644 + 0.0021 0.9644 + 0.0019 0.9644 £ 0.0019 0.9644 + 0.0019
In(10*° Ay) 3.084 £ 0.027 3.094 £ 0.013 3.094 +0.011 3.094 £ 0.011 3.094 +0.011
Ho (km/s/Mpc) 67.67 +0.59 66.97 +0.89 66.98 +0.78 66.97 £ 0.75 66.97 +0.75
o3 0.834 +0.021 0.830 £ 0.012 0.829 £ 0.010 0.829 +0.010 0.8294 4 0.0100

Table 24. 68% CL constraints on the parameters of the ACDM + Tj model. The first column is for
Planck (high-¢ TT + lowP 2015 data) combined with current BAO results, and the next columns for
the different CORE experimental specifications with no external data required.

Our results are shown in Table 24. We find that CORE, with whatever configuration,
should be able to provide the first CMB-only measurement of Ty at high-redshift, although
not at the same precision level as FIRAS at z = 0. Since the measurement is driven by
the determination of the acoustic peak scale in the polarisation spectrum, all CORE settings
perform well, because on intermediate angular scales they all measure the polarisation spec-
trum nearly up to cosmic variance; the error just starts to increase when the sensitivity is
downgraded to the LiteCORE-80 level, with o(7p) = 21 mK instead of o(7p) = 18 mK for
CORE-M5 or COrE+.

These numbers can be compared to o(7Tp) = 0.6 mK for the direct determination by
FIRAS. FIRAS is of course much more accurate, but we should stress that the two measure-
ments are complementary, given that FIRAS probes the temperature precisely today, while a
fit to the CMB is sensitive to the temperature evolution around the time of recombination. An
independent measurement of Ty using the CMB anisotropies would place tight constraints on
exotic changes in the temperature-redshift relation between recombination and today, which
are in fact being actively searched for using SZ-clusters [188, 189, 199, 200| and molecular
line transitions [171, 192]. Assuming T(z) = Ty(1 + 2)'=7#, the error ¢(Tp) = 18 mK implies
o(f) ~ 0.001. This is comparable to what was obtained using the Planck 2015 data release
in combination with BAO measurements [12]; however, CORE would provide a CMB-only
constraint, which directly complements the CORE-SZ cluster measurements at low redshift
[61].

10.3 Measurement of the A, transition rate

The 2s—1s two-photon decay rate in the vacuum is known to be a key parameter of recom-
bination physics [174, 191, 194, 206|. Indeed, it is the dominant process through which a net
number of excited hydrogen atoms can reach the ground state.'® The bulk of the produced
photons have too low energy to significantly re-excite or ionize another recombined hydrogen

1857% of all hydrogen atoms become neutral through this channel [175], the rest decay through the Lyman-a
transition.
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Figure 20. Results for the ACDM + Asg1, model, showing some of the parameters most correlated
with Ass1s in the mock CORE data.

atom. In contrast, direct recombinations to the ground state are irrelevant because the re-
leased Lyman-continuum photons are efficiently reabsorbed. Similarly, 2p—1s decay photons
are trapped in the Lyman-a resonance, unless they have time to redshift away from the line
center before their next interaction; a very inefficient process.

For a CMB experiment as accurate as CORE, several strategies can be adopted: the rate
can be fixed to the theoretical value calculated from first principles, or varied within the range
allowed by experimental bounds, or treated as a free parameter determined only by fitting
cosmological data. The most detailed theoretical calculation leads to Aggis = 8.2206s7! [185].
Laboratory measurements are extremely challenging and result in large uncertainties [e.g.,
173], roughly 6 times worse than the current (indirect) CMB measurement performed by
Planck; 7.72 4 0.60 s~! for Planck 2015 TT,TE,EE+lowP [12]. Hence, COrE+ could provide
the most precise measurement of this transition. This also serves as a consistency check [12],
since the theoretical prediction is expected to be very robust and model-independent. Thus,
if the measurement shifts significantly away from the expected value, it could hint towards
tensions in the data, indicating that further work would have to be done on the interpretation
and understanding of foregrounds/systematics (before eventually claiming a discovery of new
physics if no other explanation remains).

Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP
Azs15/8.2206 0.959 £0.074 1.000 £ 0.022 1.000 £+ 0.018 1.000 + 0.016 1.000 & 0.015
Qyh? 0.02231 4 0.00018 | 0.022255 4 0.000069 | 0.022255 £ 0.000055 | 0.022256 4 0.000051 | 0.022257 4 0.000045
Q.h? 0.1188 £+ 0.0017 0.11975 £ 0.00036 0.11975 £ 0.00031 0.11975 £ 0.00029 0.11975 £ 0.00028
1000, 1.04200 + 0.00044 1.04080 + 0.00012 1.040799 £ 0.000095 | 1.040799 £ 0.000090 | 1.040800 % 0.000083
T 0.065 £ 0.015 0.0603 £ 0.0021 0.0603 £ 0.0021 0.0603 £ 0.0020 0.0603 £ 0.0020
N 0.9685 £ 0.0076 0.9645 £ 0.0024 0.9645 £ 0.0023 0.9645 £ 0.0021 0.9645 £ 0.0021
In(10" Ay) 3.063 £ 0.028 3.0946 £ 0.0039 3.0945 £ 0.0037 3.0944 £ 0.0036 3.0945 £ 0.0036
Hy (km/s/Mpc) 67.33£0.72 67.01 £0.19 67.01 £0.16 67.01 £0.15 67.01 £0.14
s 0.8145 £ 0.0088 0.8302 £ 0.0014 0.8300 £ 0.0012 0.8300 £ 0.0011 0.8300 £ 0.0010

Table 25. 68% CL constraints on the parameters of the ACDM + Ao, model, for Planck and the
different CORE experimental specifications.

~ 52—




Changes in the value of Agg4 affect the photon and baryon decoupling time. This has two
effects in the CMB spectra: a shift in the position of acoustic peaks, and a change of amplitude
in the envelope of the diffusion damping tail. The first effect should be probed equally well by
all CORE configurations that measure the temperature and polarisation spectra up to cosmic
variance around the scale of the first acoustic peaks, while the second effect should be better
probed by the configurations most sensitive to high-¢ polarisation. This is consistent with the
results of our forecasts, shown in Table 25. We find that the 2s—1s two-photon transition
rate could be measured with a 2.2% error by LiteCORE-80, 1.8% error by LiteCORE-120,
1.6% error by or CORE-M5 and 1.5% error by COrE+, to be compared with 7.8% only for
Planck 2015 TT, TE,EE+lowP [12] and the 46% uncertainty from lab measurements [173].
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11 Dark Matter properties

Although the existence of a Dark Matter (DM) component in the universe is by now well
established, the nature of DM still lacks identification (see e.g. [207] for a review). In the
WIMP paradigm, for instance, one can aim at detecting DM annihilation products. DM
could also decay, provided its lifetime is much longer than the lifetime of the universe, as in
R-parity breaking SUSY models (see e.g. [208]). We could then detect annihilation and decay
products today, or probe their impact on the whole history of the Universe. If stable, DM
could still be produced via the decay of a long-lived metastable heavier particle, releasing some
electromagnetic energy (the so called the “super-WIMP” scenarios [210]). More generally,
given our ignorance of the dark sector, there might be several components of DM, a fraction
of which could be able to decay on a timescale smaller than the age of the Universe (I > Hp),
leaving peculiar traces on cosmological observables. Most well-known candidates are e.g.
unstable supersymmetric particles [211, 212], sterile neutrinos [214], and also scenarios in
which DM is made of primordial black holes, either through matter accretion [215] or Hawking
radiation [216]. Cosmology, and especially the CMB, is a very sensitive and powerful probe of
such models. Typically, DM annihilation or decay via electromagnetic channels can alter the
cosmological ionization history, either through modifications around the recombination epoch,
or an early reionization of the Universe. This has been extensively studied in the literature and
shown to have a strong impact on the CMB power spectra, especially that of polarisation [23—
25, 218-222, 227|. Already with WMAP and Planck, the CMB bounds on DM annihilation
and decay are among the strongest in the literature, and have the major advantage of being
almost free from theoretical and astrophysical uncertainties [12, 24|. With very accurate CMB
polarisation measurements, the CORE data could bring significant improvement on current
bounds. For instance it could give the possibility of constraining scenarios of DM annihilation
invoked to explain the so-called Fermi GeV galactic centre excess [223].

Moreover, the CMB has another remarkable property. It can probe scenarios in which
DM can decay into non-electromagnetically interacting daughter particles (like neutrinos or
some kind of “dark radiation”). The modification of gravitational potential wells due to the
decay leads to very peculiar signatures. Planck data alone can constrain the decay lifetime of
such DM to be longer than 150 Gyr [17]. More accurate measurements of the temperature,
polarisation, and CMB lensing spectra by CORE can greatly help towards constraining (or
detecting) such models.

11.1 Dark Matter annihilation
We first study the 7-parameter model ACDM + pann, where

Pann = f(z = 600) (ov) /mpwm

(reported here in units of cm3/s/GeV) parametrises the effect of Dark Matter (s-wave) anni-
hilation'? on the ionization history [24, 224, 225]. The efficiency factor, f(z = 600), accounts
for the fraction of DM annihilation energy deposited into the medium, (ov) is the thermal
average of the cross section times velocity, and mpy is the mass of the DM particles. We

DM models for which a p-wave channel dominates the annihilation rate have been discussed in [228] and
re-considered recently in [229]. It has been shown that the limits coming from the CMB are much weaker
than those coming from the upper limit on the intergalactic medium temperature Trgar, typically ~ 10* K at
z = 4.8 [230], as well as those coming from observations of the galactic diffuse gamma ray emission [231-234].
For that reason, we only discuss here future bounds on s-wave annihilation.
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Figure 21. Results for the ACDM + pg,, model, showing some of the parameters most correlated
with pany, in the mock CORE data.

choose a fiducial value pan, = 0, and fit the corresponding mock data with a flat prior on

pann Z 0
Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
10 pann [cm®/s/GeV] < 3.9 (95%CL) < 1.44 (95%CL) < 1.46 (95%CL) < 1.37 (95%CL) < 1.38 (95%CL)
Qh? 0.02227 £ 0.00016 | 0.022260 & 0.000054 | 0.022255 % 0.000042 | 0.022255 + 0.000038 | 0.022256 & 0.000033
Q.h? 0.1196 + 0.0014 0.11970 + 0.00034 0.11969 + 0.00029 0.11970 + 0.00028 0.11970 =+ 0.00026
1000, 1.04178 £ 0.00031 | 1.04079 £ 0.00010 | 1.040794 + 0.000085 | 1.040798 & 0.000079 | 1.040798 + 0.000074
T 0.059 + 0.013 0.0600 + 0.0021 0.0600 + 0.0020 0.0599 + 0.0020 0.0599 + 0.0020
ns 0.9654 £ 0.0048 0.9651 & 0.0018 0.9651 £ 0.0016 0.9651 + 0.0016 0.9651 + 0.0015
In(10'° Ay) 3.057 + 0.024 3.0956 + 0.0038 3.0955 + 0.0036 3.0953 + 0.0036 3.0954 + 0.0036
Hy (km/s/Mpc) 67.41 + 0.64 67.03 +0.14 67.03 +0.12 67.03 £ 0.11 67.03 £+ 0.10
o3 0.8150 + 0.0085 0.8307 + 0.0014 0.8304 + 0.0012 0.8304 + 0.0011 0.8303 + 0.0011

Table 26. 68% CL constraints on the parameters of the ACDM + papn, (annihilating Dark Matter)
model, for the different CORE experimental specifications.

The effect of DM annihilation on the CMB is discussed e.g. in [26, 27, 224]. The
annihilation shifts the time of recombination and increases the free electron fraction after
recombination. In the CMB temperature and polarisation spectra, the first effect can in
principle affect the peak scale and the envelope of the diffusion damping tail at high-¢, but
only by a small amount. The clearest and most characteristic signature of DM annihilation
comes from the second effect, which changes the shape of the polarisation power spectrum
on intermediate and large angular scales: this would be seen equally well by all CORE
configurations.

Our results for the different settings are presented in Table 26 and Figure 21. One could
obtain a bound of 1.44 x 10728 ¢cm3 /s/GeV with LiteCORE-80, 1.42 x 10728 cm?/s/GeV with
LiteCORE-120, 1.38 x 10728 cm?/s/GeV with CORE-M5 and COrE+, to be compared with
4.1 x 10728 ecm?/s/GeV with Planck 2015 TT,TE,EE+low-P [12]. This is an improvement
by roughly a factor of 3, very close to the cosmic variance limit (see e.g. [224]). Assuming a
thermal annihilation cross-section, CORE-M5 could set a 95%CL bound on the DM particles
of mass m > 100 GeV for particles annihilating into ete™ (f(z = 600) ~ 0.45), m > 43 GeV
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for annihilation into p*u~ or bb (f(z = 600) ~ 0.2), and m > 32 GeV for annihilation into
777 (f(2 = 600) ~ 0.15).

11.2 Dark Matter decay

Dark matter decay can also be tested using precise measurements of CMB anisotropies [17,
23, 217, 220, 235]. Here, we highlight constraints on decaying DM models that interact
electromagnetically or purely gravitationally.

11.2.1 Purely gravitational constraints

We first focus on the constraints that CORE could place on the DM lifetime through purely
gravitational effects. Although these constraints are often not as strong as those that apply
when electromagnetic decay channels are open, they can be the most stringent when the DM
decays into neutrinos or some form of dark radiation (DR). Recently, these models have been
reinvestigated in the light of tensions between low astronomical measurements of Hy, og and
Qun, and those inferred from CMB power spectra analyses. Indeed, DM decay can help in
reconciling the discrepant datasets [217], although it does not totally solve the issue (see e.g.
[17] and references therein for a recent review).

DM decays affect the temperature power spectrum at small £’s through the late ISW
effect, the polarisation spectrum at small ¢£’s due to changes in the 7 to z relation around
reionization, and all spectra through a different amount of CMB lensing (since a small fraction
of the dark matter forming structures decays between recombination and today) [17]. We
expect CORE to improve upon Planck constraints, mainly through its better determination
of the CMB lensing spectrum. We therefore analyse ACDM + TI'qcqm models, where I'geam
is the decay rate of the DM particle. We also exchange Q.h? with Qdedm+drh2, the density
parameter accounting for both decaying CDM and decay radiation, which would be equal to
Q:h? in the limit T'geqm = 0 (we refer to [17] for all relevant details on the parametrisation
and computation of this model). The fiducial model has T'qeqm = 0 and we assume Igeqm > 0.

Parameter Planck, TEP LiteCORE-80, TEP | LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP
10T geam [s71] < 20.9 (95%CL) < 11.3 (95%CL) < 9.9 (95%CL) < 9.4 (95%CL) < 8.9 (95%CL)
Qb2 0.02224 4 0.00016 | 0.022241 + 0.000055 | 0.022249 4 0.000041 | 0.022250 + 0.000038 | 0.022253 + 0.000034
Qucdmrarh® 0.1177+3:9%2L 0.11911+5:50067 0.11919+5:500%9 0.11921+5:500%9 0.11924+3:90055
1006, 1.04183 £ 0.00031 | 1.04079 +0.00010 | 1.040781 %+ 0.000085 | 1.040784 % 0.000082 | 1.040785 % 0.000076
T 0.071 £ 0.014 0.0606 + 0.0021 0.0606 + 0.0021 0.0607 & 0.0021 0.0607 £ 0.0021
ns 0.9644 + 0.0048 0.9637 + 0.0018 0.9636 + 0.0016 0.9638 4 0.0016 0.9637 & 0.0016
In(10'"° A) 3.075 £ 0.026 3.0962 + 0.0040 3.0963 £ 0.0039 3.0965 + 0.0038 3.0963 £ 0.0038
Ho (km/s/Mpc) 67.61 4 0.65 66.97 + 0.14 66.98 +0.12 66.99 4 0.11 66.99 4 0.11
s 0.8189 & 0.0089 0.8302 + 0.0014 0.8301 + 0.0012 0.8302 & 0.0011 0.8301 £ 0.0010

Table 27. 68% CL constraints on the parameters of the ACDM + T'gcam (decaying Cold Dark Matter)
model for the different CORE experimental specifications.

We summarise our results in Table 27. For Planck 2015 TT,TE,EE + lensing data we
find Tgeam < 21 x 10729 s71 (95%CL) in good agreement with Ref. [17]. LiteCORE-80 would
already improve this constraint to Igeqm < 11 x 10720 57! (equivalently to a lifetime Tgeqm >
280 Gyr). However, the impact of I'qeqr on lensing appears to be slightly degenerate with
that of Qqedmarh?® and ng, leading to parameter correlations. By increasing the sensitivity
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and resolution of CORE, one can reconstruct the CMB lensing spectrum with larger leverage
and reduce these degeneracies. We find that CORE-M5 would give a bound I'geqm < 9.4 X
10729 s~ nearly as strong as COrE+ which would obtain Tqeqm < 8.9 x 1072° 57! (7gedm >
360 Gyr).

11.2.2 Electromagnetic constraints

We now run forecasts for the model ACDM + I'og, where ' is defined in a manner similar
to the annihilation parameter as Teg = fogl'DM fo.m. in unit of s~1. Here, feog is the typical
efficiency with which the energy released by the decay of DM particles is deposited into the
medium, T'py is the DM decay rate, and fo,. = AE/mpyc? is the fraction of mass energy
transferred to electromagnetic decay products. The effect of such a DM decay is typically
to increase the free electron fraction in a way similar to reionization, but starting at much
higher redshifts z > 100. As a consequence, one might expect constraints on I'eg to depend
on the detailed way in which reionization itself is modelled. Recently, Ref. [236] has compared
bounds on I'wg obtained in the nearly-instantaneous, or “camb-like”, reionization?® to the more
recent, redshift-asymmetric, parametrisation of [237] given by?!

ze(z) = f (1;.%((1_’_%)3_(1-1—2)3)—}-@1) for z < zp

(11.1)
Qpexp (— Az — zp)) for z > z,.

Here, the parameters have been adjusted to match direct observations of the ionized hydrogen
fraction Qmurr(z) (|238] and references therein) and are given by z, = 6.1, Qp = Quu(zp) =
0.99986 and A = 0.73. The authors of [236] found that the bounds on T'sg obtained us-
ing nearly-instantaneous or redshift-asymmetric reionization differ by only 20% when using
Planck 2015 data, but we wish to check whether this will still be the case with very precise
data from CORE. Similarly to Ref. [236], when studying redshift-asymmetric reionization, we
fix zp, and @) to their best-fit values, and let the evolution rate A vary in order to cover a
large range of possible ionization histories. The fiducial model assumes I'eg = 0 and we take
a flat prior on this parameter, imposing only I'eg > 0.

In the nearly-instantaneous reionization scenario, I'eg could be constrained to be smaller
than 5.7 x 10727 s71 at 95%CL by essentially all CORE configurations (see Table 28). This
bound represents a factor ten improvement with respect to the current limit from Planck 2015
TT,TE,EE + lensing data; I'eg < 69 x 10727 s~1. This comes from much better polarisation
measurements. However, all CORE configurations do equally well for this model, because EM
decay effects only impact large angular scales, unlike gravitational decay effects which also
modify CMB lensing. On large angular scales, all CORE settings provide cosmic-variance-
limited measurements of both the temperature and polarisation.

In the redshift-asymmetric reionization scenarios, the CORE limits are of O(30%) looser
than with nearly-instantaneous reionization (see Table 29). It is reassuring to find the same
order of magnitude, since the reionization epoch is still poorly known. In the future, this type
of uncertainty can be resolved by a better mapping of the reionization history coming from
21cm surveys [239).

29TIn the nearly-instantaneous reionization, the free electron fraction is given at low-z by ze(2) = g[l +

tanh(¥5e )] with f =1+ nue/nu, y = (1+ 2)*? and Ay = 3(1 + 2)'/?Az. The reionization is, therefore,

redshift-symmetric, centred around the key parameter z,. with a width given by Az.

(zfzp)3

Gz )Pro2 0 order

2'Following the authors of Ref. [236], we replaced the argument of the exponent by —\
to improve the smoothness of the transition.
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Parameter

Planck, TEP

LiteCORE-80, TEP

LiteCORE-120, TEP

CORE-M5, TEP

COrE+, TEP

10*"Teg 571 < 69 (95%CL) < 5.8 (95%CL) < 5.7 (95%CL) < 5.6 (95%CL) < 5.7 (95%CL)
Quh? 0.02229 4 0.00016 | 0.022256 + 0.000041 | 0.022256 4 0.000041 | 0.022256 & 0.000038 | 0.022255 =+ 0.000034
Qch? 0.1192 + 0.0013 0.11966 = 0.00030 0.11966 = 0.00031 0.11966 = 0.00028 0.11967 + 0.00027
1000, 1.04184 4 0.00030 | 1.040804 =+ 0.000082 | 1.040805 + 0.000084 | 1.040806 & 0.000079 | 1.040807 & 0.000074
T 0.05319:09% 0.0598 & 0.0021 0.0598 & 0.0021 0.0598 + 0.0021 0.0597 4 0.0021
s 0.9655 + 0.0046 0.9648 + 0.0015 0.9648 + 0.0015 0.9648 + 0.0015 0.9648 + 0.0014
In(10'°A,) 3.066 + 0.023 3.0959 + 0.0037 3.0958 + 0.0037 3.0958 + 0.0037 3.0958 + 0.0036
Ho (km/s/Mpc) 67.57 £ 0.61 67.04 £ 0.12 67.04 £ 0.12 67.04 +0.11 67.04 +0.11
o3 0.8173 + 0.0083 0.8303 + 0.0012 0.8303 + 0.0012 0.8303 + 0.0011 0.8303 + 0.0011
Zreio 73713 8.25 +0.21 8.24 +0.21 8.25 £ 0.20 8.24 +0.21

Table 28. 68% CL constraints on the parameters of the ACDM + Ieg (decaying Dark Matter) model,
assuming nearly-instantaneous reionization, for the different CORE experimental specifications.

Parameter

LiteCORE-80, TEP

LiteCORE-120, TEP

CORE-M5, TEP

COrE+, TEP

A

10" Teg [s77)

< 7.3 (95%CL)

< 7.4 (95%CL)

< 7.3 (95%CL)

< 7.4 (95%CL)

Qph?

Qch?

1006s
T
Ns

In(10™ Ay)

0.49875:043

0.022265 £ 0.000054

0.11956 £ 0.00035
1.04080 £ 0.00010
0.0613 £+ 0.0023
0.9648 + 0.0017
3.0979 £+ 0.0041

0.498710-044

0.022261 £ 0.000041

0.11955 £ 0.00032

1.040809 £ 0.000084

0.0613 £ 0.0023
0.9649 4+ 0.0016
3.0979 £ 0.0041

0.499*5 360

0.022261 £ 0.000038

0.11956 £ 0.00029

1.040808 £ 0.000080

0.0612 £ 0.0022
0.9649 + 0.0015
3.0977 £ 0.0039

0.503%5:041
0.022258 + 0.000033
0.11957 & 0.00028
1.040809 + 0.000073
0.0611 = 0.0022
0.9649 + 0.0015
3.0974 + 0.0037

Hy (km/s/Mpc)

(e

67.09 £+ 0.15
0.8310 £ 0.0014

67.09 +£0.13
0.8308 £ 0.0013

67.08 +0.12
0.8308 + 0.0012

67.08 £ 0.11
0.8307 £ 0.0011

Table 29. 68% CL constraints on the parameters of the ACDM + g (decaying Dark Matter) model,
assuming redshift-asymmetric reionization, for the different CORE experimental specifications.
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12 Constraints on the variation of the fine structure constant

Fundamental constants of nature are numbers that characterize the theoretical framework we
use to describe nature. General relativity and the standard model of particles, on which the
ACDM model is built on, are characterized by about 20 constants. Measuring the constancy,
in space or time, of these numbers represents a very stringent test of the validity of such
theories [242, 250, 251].

The fine structure constant characterizes the strength of the electromagnetic force. A
wide variety of local experiments and astrophysical observations allows one to set constraints
on the variation of « at very different redshifts, from the constraints set using atomic clocks
(z ~ 0) [249] or the Oklo natural nuclear reactor (z ~ 0.1) [240, 241] to the ones from BBN
(2 ~ 108) [165]. The most stringent astrophysical bounds come from the observation of quasar
spectra. Long-standing claims of a possible detection of the variation of « in these data at
z ~ 0.2 — 4, at the level of ~ Aa/a ~ 1075, have further increased the interest for these
measurements in the past decade [252-255], although these claims are still the subject of
controversy [256].

Parameter | Planck TTTEEE+lowP | LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-MS5, TEP COrE+, TEP
Qnh? 0.02223 + 0.00016 0.022179 £ 0.000053 | 0.022180 & 0.000042 | 0.022181 = 0.000039 | 0.022181 = 0.000034
Qch? 0.1190 4 0.0019 0.12050 + 0.00046 0.12049 + 0.00038 0.12049 +0.00035 | 0.12049 + 0.00032

1006mc 67.1+ 1.4 66.95 + 0.42 66.95 + 0.33 66.97 +0.30 66.96 + 0.27
T 0.063 + 0.015 0.0596 + 0.0021 0.0597 + 0.0020 0.059770 0959 0.0597 + 0.0019
ajao 0.9990 + 0.0034 1.0000 = 0.0010 0.999995 + 0.00077 | 1.00004 £ 0.00070 1.00001 + 0.00063
In(10'° Ay) 3.059 £ 0.028 3.0561 + 0.0039 3.0562 + 0.0037 3.0562 + 0.0037 3.0561 + 0.0035
ns 0.9669 + 0.0081 0.9619 + 0.0030 0.9620 + 0.0026 0.9619 + 0.0025 0.9619 + 0.0024
Ho 67.1+ 1.4 66.95 + 0.42 66.95 + 0.33 66.97 +0.30 66.96 + 0.27
s 0.8135 + 0.0095 0.8173 + 0.0020 0.8173 + 0.0015 0.8173 + 0.0014 0.8173 + 0.0013

Table 30. Constraints on the basic six-parameter ACDM model and the fine structure constant «/c
using different combination of datasets.

The CMB is a very powerful probe of the value of the fine structure constant at redshift
z ~ 1000 [243-247]. A change in the value of a would in fact change the evolution of the
recombination history of the universe, thus introducing a signature in the temperature and
polarization power spectra. Currently, the Planck experiment sets the strongest constraints on
the fine structure constant from the CMB. The first release of the Planck data set a constraint
on a/ag, where aq is the standard value, at the level of 0.4%, a/ap = 0.9936 £ 0.0043 [248|.
We calculate that the constraints from the second release of the Planck data [12], combining
both temperature and polarization and lensing reconstruction are at the level of 0.34% (Planck
TTTEEE+lowTEB+lensing).

Table 30 shows the improvement that a future satellite mission would bring to these
constraints. We find that the LiteCoRE80, COrE-Mb5 and COrE configurations could improve
the constraints by up to a factor of 5 with respect to Planck, to 0.10%, 0.070%, and 0.063%
respectively. These constraints are essentially limited by the well known degeneracy between
a and Hy [248], as also shown in Figure 22. For this same reason, the constraint on Hj is
weakened by about a factor of ~ 2 when marginalizing over o with respect to the ACDM
case. We find that adding the information from DESI would only marginally improve the
results to 0.055%, 0.064% and 0.077%. At face value, these constraints are still three orders
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Figure 22. Two-dimensional contour plots for o vs Hy (Left Panel) and n, (Right Panel).

of magnitude weaker compared to the latest quasar measurements (see e.g. [255]). However,
the comparison is not straightforward since the CMB probes a very different range of redshifts
compared to quasars. From an observational point of view, models where a dynamical degree
of freedom yields a time variation of a can be divided into just two classes [257]. If this degree
of freedom is the one responsible for dark energy, then current low-redshift constraints imply
that any o variations at z ~ 1100 must be no larger than 10~°, and thus not directly detectable
by the CMB. However, if the physical mechanism responsible for a variations is distinct from
the one responsible for dark energy (or if the variations are environment-dependent rather
than simply time-dependent) then no such extrapolation can be made, and variations at the
level of 1073 at z ~ 1100 could easily be accommodated. Therefore improved high-redhift
constraints which CORE can provide, when combined with the low-redshift spectroscopic

CORE-M5 ]

\ COrE+

65.6 664 672 68.0
Ho

0.955 0.960 0.965 0.970
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ones, enable a key consistency test of the underlying theoretical paradigms.
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13 Constraints on the epoch of reionization

The epoch of reionization (EoR) of the Universe is still largely unknown. The observation of
the so-called Gunn-Peterson trough [258] in quasar spectra [259-262] indicates that hydrogen
was almost fully reionized by z ~ 6, possibly by the Lyman-a photons emitted by early star-
forming galaxies. Quasars are then believed to be responsible for helium reionization between
z~6toz~2 (see e.g. [263] for a recent review).

The CMB is a sensitive probe of the EoR, since the CMB photons can Compton scat-
ter off free electrons generated by reionization. This leads to a suppression of the CMB
anisotropies inside the Hubble horizon at the EoR, typically above £ ~ 10, and to a regener-
ation of power below ¢ ~ 10 in the TE and EE spectra (the so-called reionization bump) (see
e.g. |264-267]). These two effects mostly depend on the column density of electrons along
the line-of-sight??, parametrized by the optical depth to reionization 7.

There are well known degeneracies between 7 and other cosmological parameters, e.g.,
when using temperature data alone, with the amplitude of the primordial scalar perturbations
A ?? and the spectral index ng. Moreover, in extensions of the ACDM model, there exists a
degeneracy between 7 and the sum of neutrino masses M,,, which gets strengthened by the
addition of external datasets such as BAO measurements [271, 272|. Thus, an accurate mea-
surement of 7 through the reionization bump at large scales is essential for the determination
of other cosmological parameters as well.

Finally, the CMB, and in particular its polarization, could potentially provide more
information about the evolution of the epoch of reionization than just the constraint on
T[267].

In this section, we thus quantify: i) how much the knowledge of the reionization epoch
as observed by CORE would help constraining the other cosmological parameters; ii) how
well CORE will be able to provide information about the evolution of the EoR, beyond an
accurate measurement of 7.

In order to tackle the first point, we forecast constraints on cosmological parameters
excising the low-¢ polarization spectra at ¢ < 30, and using a gaussian prior in 7 with an
uncertainty of oprior(7) = £0.01, consistent with the precision of the latest results from Planck
[126]. This is about 4 times worse than the constraint that a CORE-like experiment could
achieve using the full large scale polarisation information, as already shown in Section 3. We
find that in the ACDM case, excising the large scales in polarization degrades the constraints
in the case of CORE-M5 (CORE-M5 + DESI) by a factor of ~ 2.5 (~ 2) on 7 and log 4, a
factor ~ 2 (~ 1.6) on Q. and 6, and by 30% (14%) on ns, leaving ,h? unaffected. Note that
the recovered constraint on 7 is stronger than the prior, at the level of o(7) = £0.005. This is
due to the fact that the degeneracy between 7 and Ay is reduced by the information provided
by lensing on Ag. As the ACDM+M,, case is concerned, we find that the upper limit on the
sum of neutrino masses would be degraded in the case of CORE-M5 from M, < 152meV
to M, < 201meV (95 % CL), and and that the constraint from CORE-M5 + DESI would
worsen from o(M,) = 21meV to o(M,) = 34meV, while other cosmological parameters
would be less affected than in the ACDM case, as also shown in Fig. 23. This illustrates the

22Note that potentially the CMB is sensitive to inhomogeneous (or patchy) reionization, which could also
help in refining models. However, the non-gaussian signature of such a a process at small scales was shown to
be very challenging to detect with a CORE-like experiment [268-270].

23The normalization of the £ > 20 part of the spectrum is mostly controlled by the product A, exp™2".
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Figure 23. Two-dimentional posterior distributions of cosmological parameters in the ACDM (top
panel) and ACDM+) " m, (bottom panel) cases estimated using CORE with the largest scales in
polarization excised and using a prior on 7 (dark red) or CORE (light red). The same cases with the
addition of the DESI mock dataset are shown in dark blue and light blue respectively.

importance of a precise 7 measurement for a highly statistically significant detection of the
sum of neutrino masses.

We now turn to quantify how much CORE could be sensitive to the evolution of the
reionization history. In order to do so, we use the usual fiducial model generated assuming
a redshift symmetric (nearly instantaneous) reionization parametrization, but we perform a
cosmological parameter extraction using the redshift-asymmetric parametrization introduced
in the Planck 2016 analysis of [273]:

f for 2z < Zstop,

xe(Z) - Zearly —Z “ :
fx | == for z > Zstop, with  f =14+ fge = 1+ nge/nu.

Zearly —Zstop

(13.1)

We fix the redshift of formation of the first emitting sources to zea1y = 20, and vary two
parameters: the redshift at which reionization ends zsop (With flat prior in the range [1,15]),
and the exponent o (with flat prior in the range [2,50]). This allows to quantify how sensitive
CORE is to the duration of the reionization era, Azieio = Zbeg — Zend, Where zpee = 2109 is
defined by zc(z10%) = 0.1 X f and zenq = 2999 by Ze(299%) = 0.99 x f. It also gives a hint
of how accurately one could measure the redshift at which z.(z) = 0.5 x f, usually called
Zreio = 250%-

Our results are displayed in Table 31. Within the prior range [1, 15], « is only bounded
from below by the data, thus leading to an upper bound on the derived parameter Azyeio =
Zbeg — Zend- Since this parameter has a much more intuitive interpretation, we report bounds
on Az, instead of o in Table 31. We also present the bounds on the derived parameters
(Zbeg; Zreio, Zend)~

Since most of the information on reionization comes from polarisation on large angular
scales, on which CORE measurements are cosmic-variance-limited, we could expect all con-
figurations to be equally sensitive to this model. In fact, the most sensitive configurations are
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Parameter LiteCORE-80, TEP | LiteCORE-120, TEP CORE-M5, TEP COrE+, TEP
T4 T8I T80 78208
Azreio < 3.39 (95%CL) < 2.65 (95%CL) < 2.55 (95%CL) < 2.37 (95%CL)
Qph? 0.022258 & 0.000055 | 0.022257 & 0.000041 | 0.022256 4 0.000039 | 0.022256 + 0.000034
Q.h? 0.11973 + 0.00034 0.11973 + 0.00030 0.11974 4 0.00028 | 0.11974 4 0.00028
1000 1.04080 + 0.00010 | 1.040803 £ 0.000084 | 1.040802 + 0.000081 | 1.040803 % 0.000074
T 0.0605 + 0.0021 0.0604 + 0.0021 0.0604 + 0.0021 0.0604 + 0.0021
ns 0.9645 + 0.0017 0.9646 - 0.0016 0.9645 + 0.0015 0.9646 =+ 0.0014
In(10'° 4,) 3.0949 + 0.0038 3.0947 + 0.0037 3.0947 £ 0.0037 3.0946 =+ 0.0037
Hy (km/s/Mpc) 67.02 +0.14 67.02 +0.12 67.01 4+ 0.11 67.01 4+ 0.11
os 0.8303 + 0.0014 0.8300 + 0.0012 0.8300 + 0.0011 0.8301 + 0.0011
Zheg 9.05+9-19 8.9719-2 8.95+0-23 8.94103%
Zreio 8.16 4 0.22 8.17+0.21 8.17 +0.21 8.17+0.21
Zend 7.7417048 7.8019-40 7.8210-38 7.8219:3%

Table 31. 68% CL constraints on the ACDM + « + zgop model (asymmetric reionization), for
the different CORE experimental specifications. Instead of lower bounds on «, we report the more
interesting upper bounds on the derived parameter Az.,. We also show the results for the derived
parameters (Zbeg, Zreios Zends AZreio)-

able to extract the CMB lensing spectrum in a larger range of scales: thus they corner A,
with better accuracy, and reionization results are less affected by the 7 — A, degeneracy.
We find that LiteCORE-80 could set a constraint on the duration of reionization given
by Azweio < 3.4 (95 % CL), while CORE-M5 (COrE+) would improve the constraint to
Azpeio < 2.6 (2.4). This is about two times better than the constraints from Planck CMB
anisotropies combined with Kinetic Sunyaev—Zel’dovich measurements, and a factor of order
4 better than Planck alone [273], without using any prior on z.,q. Note also that CORE-M5
would be able to provide precise measurements of zheg, Zend and Zreio, With o(zpeg) ~ 0.33,

0(Zend) =~ 0.31 and o(zreio) ~ 0.21, to be compared to the recent Planck measurements,
0(2beg) ~ 1.9, Zena S 10 and o(2zrei) ~ 1.1. We therefore conclude that a CORE-like

experiment would be sensitive enough to constrain the end of the EoR from CMB data only,
and would improve the determination of z.ej, and zpeg by a factor of 4 and 6 respectively.
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14 Constraints on Modified Gravity

14.1 Theoretical framework

The current accelerated expansion of the universe could be also explained by introducing
modifications to general relativity and considering an energy content made just of dark matter
and baryons and no dark energy. Several modified gravity scenarios have been proposed.
One possible way to check for hints for modified gravity in the data, without relying on a
particular model, is to introduce additional parameters to perturbation theory that can modify
the evolution of the gravitational potentials ® and ¥ (see, for example [53, 284-300]). For
example, a now common approach, presented in the publicly available code MGCAMB [301, 302]
and also recently applied in [53] and [300] to the Planck data, is to firstly modify the Poisson
equation for W:

U = —4rGa’u(k, a)pam A (14.1)

introducing the scale-dependent function u(k,a). In the above equation, pg,, is the dark
matter energy density and A is the comoving density perturbation. Secondly, one can also
introduce the possibility of an additional anisotropic stress considering a second function
n(k,a), such that:

)

T n(k,a). (14.2)
A third function, % (k, a), which modifies the lensing/Weyl potential ® + ¥ can be introduced
as:

—k3(® + V) = 871Ga*S(k,a)pA, (14.3)
This function is not independent from p(k,a) and n(k, a) since:
¥ = %(1 +7n). (14.4)

These functions can be used to study the effects of a possible modification to GR. If GR is
valid then y =7 =3 = 1. Here we use the following parametrization:

pu(k,a) = 1+ EnQ(a); (14.5)
n(k,a) =1+ E2Q4(a). (14.6)

where F11 and FEoy are two parameters that are constant with redshift and Q, is the en-
ergy density in the cosmological constant that we choose as a good approximation for the
background evolution.

Computing the ¥ function today we have:

14+ EnQa

o 5

(2 + E2Q4) (14.7)

i.e. Xg =1 if GR is valid.

A detection of g — 1 # 0 could therefore indicate a departure of the evolution of
density perturbations from GR. Interestingly, the recent Planck 2015 data suggest a value
of ¥g — 1 = 0.23 £ 0.13 [53, 300] at 68% CL, i.e. a presence for MG slightly above two
standard deviations. Of course, given the very low statistical significance, this indication can
be just due to a statistical fluctuation or to a small residual systematic. However, it is clearly
important to study what kind of constraint can be achieved by future CMB data and at which
level of confidence the current hint could be falsified.
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Figure 24. Constraints on the Hy vs X9 — 1 plane (Left Panel) and og vs Xy — 1 plane (Right Panel)
from different CORE configurations and from current Planck 2015 temperature and polarization data.
The dashed line corresponds to the GR prediction.

14.2 Future constraints from CORE
Parameter LiteCORE-80, TEP | LiteCORE-120, TEP | CORE-M5, TEP COrE+, TEP
En 0.03+9:33 0.01+9:34 0.04+9-34 0.0579:33
Ens 0.0319:5° 0.0819:¢° 0.0197 —0.0319:68
Qph? 0.022186 4 0.000055 | 0.022183 + 0.000041 | 0.022182 & 0.000038 | 0.022181 = 0.000032
Q.h? 0.12039 = 0.00056 0.12038 = 0.00050 0.12037 1500045 0.12038 = 0.00044
1000 1.04069 4 0.00010 | 1.040692 + 0.000087 | 1.040697 + 0.000080 | 1.040698 + 0.000077
T 0.0597 759029 0.0597 T5-95%9 0.0596 4 0.0020 0.0597 4 0.0020
ns 0.9621 + 0.0019 0.9620 + 0.0017 0.9621 = 0.0017 0.9621 = 0.0016
In(10*°A,) 3.0559 + 0.0042 3.0559 15-0039 3.0559 =+ 0.0040 3.0560 150937
o — 1 0.02%924 0.01+928 0.03£933 0041923
0 —1 0025579 00675771 0.0075:57 ~0.0277%
Yo—1 —0.034 73962 —0.03315-9% —0.03615:0% —0.03475:95L
Ho [km/s/Mpc] 66.99 + 0.23 66.99 & 0.20 67.00 7917 66.99 +0.17
75 0.819 5030 0-818 503 0.820 £5:035 0.821 5028

Table 32. 68% CL constraints on cosmological parameters from four different CORE configurations.
The possibility of modified gravity is allowed.

In Table 32 we present the constraints on modified gravity parameters using the three
different experimental configurations for CORE, under the assumption of GR (i.e. ¥p—1 = 0).
As we can see the current constraints on Yy can be improved by nearly a factor three with
respect to current constraints from Planck 2015, quite independently from the choice of the
experimental configuration. Constraints on the Hy vs X9 — 1 and og vs Yo — 1 planes are
also reported in Figure 24 from three CORE configurations and also from the current Planck
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2015 data. The improvement of CORE with respect to Planck is clearly visible. A future
CMB experiment could therefore confirm or exclude at high significance (about four standard
deviations) the current hints for MG from Planck.
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15 Cosmological Birefringence

Cosmological birefringence is the in vacuo rotation of the photon polarization direction during
propagation [303]. In general, such effect is unconstrained by the T'T" spectrum, while results in
a mixing between @) and U Stokes parameters that produces non-null CMB cross correlations
between temperature and B-mode polarization, and between E- and B-mode polarization.
Since these correlations are expected to vanish under parity conserving assumptions, cosmic
birefringence is a tracer of parity violating physics.

Several theoretical models exhibit cosmological birefringence, such as coupling of the
electromagnetic (EM) field with axion-like particles [304] or a quintessence field [305], quantum-
gravity terms [306] or Chern-Simons type interactions [303| in the EM Lagrangian. For the
sake of simplicity, we restrict to the case of constant, isotropic «, for which the effect can be
parametrized as [307-309]

CZE,obs E cos(2a) (15.1)
CZ“B,obs sm(2a) : (15.2)
CEEbs — OFF cos?(2a) + CPB sin?(2a), (15.3)
CEBB,obs = OB cos2(2a) + CFE sin®(2q), (15.4)
CvaObS — 1 (C£EE — CKBB) sin(4a) , (15.5)

2

with CéXY’Obs and C’KX Y being the observed and the unrotated power spectra for the XY fields
(X, Y =T, FE or B), ie. the one that would arise in absence of birefringence. We set the
primordial T'B and EB spectra to zero, assuming a negligible role of parity violation effects
up to CMB photon decoupling (this choice excludes e.g. chiral gravity theories). Recent
constraints on this model employing Planck 2015 data are reported in [310, 311].

We remind that the most relevant systematic effect affecting constraints on isotropic
birefringence is the miscalibration of the detector polarization angle. An estimate of the
error budget from current experiments is ~ 1°, already dominant over the statistical error
achievable on « [311]. As a result, future experiments should require an exquisite control of
systematic effects to really nail down constraints on isotropic birefringence.

In Tab. 33, we report the 68% c.l. around the mean for the birefringence angle o and
other cosmological parameters. We employ the full T'E' B combination of power spectra for the
four experimental configurations analyzed in this paper. In Fig. 25, we report two-dimensional
68% and 95% probability contours for the same parameters listed in Tab.33 and for the same
experimental configurations. The first column clearly shows no evidence of correlation be-
tween the birefringence angle and other cosmological parameters. One-dimensional posterior
probability distributions for the same parameters are reported along the diagonal of Fig. 25.
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Figure 25. Triangular plot showing the main degeneracies between the comological parameters listed
in Tab.33, for the three experimental configurations reported in this work.
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Parameter

LiteCORE-80, TEB

LiteCORE-120, TEB

CORE-M5, TEB

COrE+, TEB

al’]
Qph?
Q.h?
1000rc
-
Ns

In(1004,)

—0.0001 £ 0.0030
0.022179 £ 0.000052
0.12048 £ 0.00030
1.040693 £ 0.000098
0.0598 £ 0.0020
0.9620 £ 0.0016
3.0563 £ 0.0035

0.0000 =+ 0.0026
0.022181 + 0.000041
0.12049 + 0.00029
1.040693 + 0.000083
0.0597 100057
0.9619 = 0.0015
3.0562 =+ 0.0035

0.0000 = 0.0021
0.022172 + 0.000038
0.12046 -+ 0.00026
1.040696 + 0.000077
0.05960 0057
0.9618 = 0.0014
3.0561 = 0.0034

0.0000 £ 0.0019
0.022180 4 0.000033
0.12049 £ 0.00026
1.040694 £ 0.000073
0.0597 £ 0.0020
0.9619 £ 0.0014
3.0562 £ 0.0034

Hy [km/s/Mpc]

o8

66.95 +0.13
0.8173 £ 0.0012

66.95 £+ 0.12
0.8173 £0.0011

66.96 £ 0.11
0.81714 £ 0.00096

66.95 + 0.10
0.81728 £ 0.00094

Table 33. 68% CL for the birefringence angle o and other cosmological parameters for the four
experimental configurations presented in this work and for the full TEB field combination.
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16 Conclusions

In this paper we forecasted the constraints on several cosmological parameters that can be
achieved by the CORE-Mb) satellite proposal. Table 34 provides a summary of our main
results. Assuming ACDM, the improvement with respect to Planck is extremely significant:
CORE-M5 can simultaneously improve constraints on key parameters by a factor ~ 8 (og),
~ 5.5 (Hg, Qeamh?), 4.5 (Qh%, 7), and 3 (n,).

Some of the parameters such as og, Hy, and Qyh? can be measured or derived indepen-
dently by galaxy surveys or luminosity distance measurements. Future comparisons with the
CORE-MS5 results will therefore provide a crucial test for cosmology and the ACDM scenario
and its extensions. The interest of such measurements by several means is exemplified by
the current tensions between the Planck dataset and the local determination of the Hubble
constant from [51] or measurements of weak lensing cosmic shear from surveys as CFHTLenS
and KiDS-450 [86, 87]. These tensions may reveal either previously unknown systematic ef-
fects, or new physics. While these current tensions will likely be resolved by the time CORE
flies, the large improvement brought by CORE on so many parameters will surely bring new
opportunities for revealing tensions with whatever precision datasets will be available by then.

These are opportunites for fundamental breakthoughs.

Parameter Description Current results (Planck 2015+ Lensing) CORE expected uncertainties
ACDM
Qph? Baryon Density Qph? = 0.02226 £ 0.00016 (68 % CL) [12] a(Qph?) = 0.000037 {4.3}
Qch? Cold Dark Matter Density Qch? = 0.1193 £ 0.0014 (68 % CL) [12] 7 (Qch?) = 0.00026 {5.4}
N Scalar Spectral Index ns = 0.9653 £ 0.0048 (68 % CL) [12] o(ns) = 0.0014 {3.4}
T Reionization Optical Depth 0.063 +0.014 (68 % CL) [12] o(r) =0.002 {7.0}
Ho [km/s/Mpc| Hubble Constant Ho =67.51£0.64 (68 % CL) [12] o(Ho) = 0.11 {5.8}
os r.m.s. mass fluctuations os = 0.8150 & 0.0087 (68 % CL) [12] o(os) = 0.0011 {7.9}
Extensions
[ Curvature Qi = —0.00375:9%% (68 % CL) [12] o (Q) = 0.0019 {4}
Nest Relativistic Degrees of Freedom Neg =2.9440.20 (68 % CL) [12] o(Ner) = 0.041 {4.9}
M, Total Neutrino Mass M, < 0.315¢V (68 % CL) [12] o(M,) =0.043 ¢V {7.3}
(meff Ny) Sterile Neutrino Parameters (m&ff < 0.33eV, N, < 3.24) (68 % CL) [12] a(meff Ny) = (0.037¢V,0.053) {8.9,4.5}
Yy Primordial Helium abundance Y, = 0.247 £ 0.014 (68 % CL) [12] o(Yp) = 0.0029 {4.8}
Y, Primordial Helium (free Nejy) Y, = 0.25975:920 (68 % CL) [12] a(Y,) = 0.0056 {3.2}
Tn [8] Neutron Life Time Tn =908 £ 69 (68 % CL) [167| o(rn) =13 {5.3}
w Dark Energy Eq. of State w=—1.42F52% (68 % CL) [12] o(w) =0.12 {3}
To CMB Temperature Unconstrained [12] o(Tp) =0.018 K
Pann Dark Matter Annihilation Pann < 3.4 x 1072 em?/GeV/s (68 % CL) [12] | 0(Pann) = 5.3 x 10722 cm?®/GeV/s {6.4}
gox Neutrino self-interaction gar < 0.22 x 10727 o(gte) = 0.34 x 1072 {6.4}
a/ag Fine Structure Constant a/ap = 0.9990 + 0.0034 (68 % CL) o(a/ap) = 0.0007 {4.8}
o -1 Modified Gravity Yo —1=0.10+0.11 (68 % CL) [53] (3o — 1) = 0.044 {2.5}
Azs15/8.2206 Recombination 2 photons rate A2s15/8.2206 = 0.94 £+ 0.07 (68 % CL) [12] 0 (Az2s15/8.2206) = 0.015 {4.7}
A(2reio) Reionization Duration A(zreio) < 2.26 (68 % CL) [35] 0(Azreio) = 0.58 {3.9}

Table 34. Current limits from Planck 2015 and forecasted CORE-Mb5 uncertainties. The first 6 rows
assume a ACDM scenario while the following rows give the constraints on single parameter extensions.
In the fourth column, numbers in curly brackets {...} give the improvement in the parameter constraint
when moving from Planck 2015 to CORE-M5, defined as the ratio of the uncertainties gFlanck /gCORE

In this paper, we have considered several possible extensions to the basic six parameters

- 70 —



ACDM model. The forecasted constraints on these extra parameters are summarized in the
second section of Table 34. As we can see, also on these extensions CORE-M5 can provide
significantly more stringent constraints than the current ones, with a factor of n improvement
that ranges from 2 up to more than 6, clearly opening the window to new tests or discoveries
for physics beyond the standard model.

In particular, we found that:

e CORE-Mb5 alone could detect neutrino masses with an uncertainty of o(M,) = 0.043
eV, enough to rule out the inverted mass hierarchy at more than 95% c.l.. When com-
bined with future galaxy clustering data as expected from surveys as DESI or EUCLID,
CORE-M5 will provide a guaranteed discovery for a neutrino mass. Other cosmological
information from CORE-MS5, as clusters number counts (see the ECO companion paper
[61]) could further reduce these uncertainties.

e CORE-M5 could also provide extremely stringent constraints on the neutrino effective
number Neg with 0(Neg) = 0.041. This uncertainty, that can be further reduced by
combining the CORE-M5 data with clusters number counts data from CORE-MS5 itself
and/or complementary galaxy surveys, will test the presence of extra light particles
at recombination and the process of neutrino decoupling from the primordial plasma
at redshift z ~ 10°. The nature of the neutrino background can be further tested by
measuring its self-interactions.

e The primordial Helium abundance Y}, can be measured by CORE-M5 with an uncer-
tainty of o(Y,) = 0.0029 that is almost a factor two better than current constraints
from direct measurements from metal-poor extragalactic H II regions.

e CORE-M5 will also significantly improve current constraints on curvature (by almost
a factor 4) and on the dark energy equation of state (by a factor ~ 3). One key
improvement will be the determination of the Hubble constant in these models: the
possibility of an equation of state w < —1 to explain current tensions on the values of
Hy can be significantly tested by CORE-MS5.

e By measuring the intermediate angular scale CMB polarization with unprecedented
accuracy, CORE-M5 will scrutinize with the highest possible detail the process of re-
combination. This will let CORE-M5 place bounds on known physical process as the
amplitude of the recombination two photons rate (improving current constraints by a
factor 5) but also to further improve the constraints on extra ionizing photons from
dark matter annihilation and on variations of the fine structure constant.

e Large angular scale polarization will also be measured by CORE, providing new con-
straints on the reionization process. It is here worthwhile to note that the ability of
CORE-M5 to measure polarization over a wide range of angular scales will provide a
crucial test for the cosmological scenario. The constraints on the optical depth 7 from
large angular scales, for example, can be only validated by a measurement of small
angular scale polarization with results consistent with the overall ACDM scenario.

It is also interesting to summarize the constraints from different experimental config-

urations and to compare them. We do this in Table 35 where we report the ratio of the
1-o0 forecasted error of a certain experimental configuration over the expected 1 ¢ error from
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Parameter CORE-M5 CORE-M5 CORE-M5 CORE-M5
vs Litebird | vs LiteCORE-80 | vs LiteCORE-120 | vs COrE+
ACDM
Quh? 3.5 1.4 11 0.9
Qch? 2.3 1.3 1.2 1.0
1000 ¢ 5.8 1.3 1.1 0.9
T 1.0 1.0 1.0 1.0
s 2.6 1.1 1.1 1.0
In(10'°A4,) 1.2 1.1 1.0 1.0
Holkm/s/Mpc| 3.0 1.3 1.1 0.9
o8 2.5 1.3 1.1 0.9
Extensions
Q 1.8 1.1 1.0 1.0
Negt 4.8 1.5 1.1 0.9
M, 1.6 1.1 1.0 1.0
Y, 3.0 14 1.0 0.9

Table 35. Improvements from CORE-M5 on cosmological parameters with respect to several pro-
posed configuration defined as the ratio of the forecasted 1 o constraints, o/ccorE— 5.

the proposed CORE-Mb5 setup. For generality, we also compare the constraints with those
expected from the JAXA Litebird proposal ([312]) that is now in conceptual design phase
(called ISAS Phase-A1l) . Litebird presents a significantly different experimental design with
respect to the CORE configurations studied in this paper, with, for example, a smaller pri-
mary mirror of 60 cm. As we can see from the results in Table 35 any CORE configuration
is expected to constrain cosmological parameters with an improvement that ranges from a
factor 2 to 5 respect to Litebird. CORE-MSb5, for example, will constrain the neutrino effec-
tive number with a precision about 5 times better than Litebird. It is clear from the results
presented in the Table that CORE will have the possibility to probe new physics that will
not be accessible by Litebird alone. However, constraints on the reionization optical depth
will be comparable, since the imprint of reionization is mainly on large scale polarization that
can be equally measured by Litebird and CORE. Also from Table 35 we see that CORE-M5
could produce constraints that are up to 50% better than those expected from the cheaper
LiteCORE-80 configuration. A significantly higher precision is indeed expected on key pa-
rameters as the baryon abundance, the Hubble constant, the neutrino effective number and
the primordial Helium abundance. On the other hand, the differences between CORE-M5
and LiteCORE-120 and COrE+ are expected to be of the order of ~ 10%. From one side we
can then consider the forecasts presented here for CORE-M5 as conservative: if the experi-
mental sensitivity will be for some reason degraded to LiteCORE-120 we expect no significant
variations in the constraints presented in this paper. On the other hand, the more expen-
sive COrE+ configuration would only slightly improve the main parameter constraints and
would not present a decisive improvement in the specific scientific aspect of parameters re-
covery and model testing. Indeed the scientific driver for higher angular resolution is not the
improvement in parameters accuracy.

To conclude, we have presented in this paper a large number of forecasts on cosmo-
logical parameters for the CORE-Mb5 proposed mission. The expected improved constraints,
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presented in Table 34 clearly calls for of a next CMB satellite mission as CORE. CORE-M5
can probe new physics with unprecedented precision. We have compared the constraints with
different experimental configurations and found that the expected constraints are stable un-
der a degradation of the experimental configuration to LiteCORE-120 that has a significantly
smaller number of detectors. Assuming the ACDM cosmological scenario, we also found that
the CORE-M5 setup can produce constraints that are almost identical (at worst a ~ 10%
degradation) to the ones achievable by the larger aperture COrE+ configuration.
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