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Abstract.

Future observations of cosmic microwave background (CMB) polarisation have the po-
tential to answer some of the most fundamental questions of modern physics and cosmology,
including: What physical process gave birth to the Universe we see today? What are the
dark matter and dark energy that seem to constitute 95% of the energy density of the Uni-
verse? Do we need extensions to the standard model of particle physics and fundamental
interactions? Is the ACDM cosmological scenario correct, or are we missing an essential
piece of the puzzle? In this paper, we list the requirements for a future CMB polarisation
survey addressing these scientific objectives, and discuss the design drivers of the CORFE
space mission proposed to ESA in answer to the “M5” call for a medium-sized mission. The
rationale and options, and the methodologies used to assess the mission’s performance, are
of interest to other future CMB mission design studies. CORE has 19 frequency channels,
distributed over a broad frequency range, spanning the 60—600 GHz interval, to control astro-
physical foreground emission. The angular resolution ranges from 2’ to 18’ and the aggregate
CMB sensitivity is about 2 pK.arcmin. The observations are made with a single integrated
focal-plane instrument, consisting of an array of 2100 cryogenically-cooled, linearly-polarised
detectors at the focus of a 1.2-m aperture cross-Dragone telescope. The mission is designed
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to minimise all sources of systematic effects, which must be controlled so that no more than
104 of the intensity leaks into polarisation maps, and no more than about 1% of E-type
polarisation leaks into B-type modes. CORE observes the sky from a large Lissajous orbit
around the Sun-Earth L2 point on an orbit that offers stable observing conditions and avoids
contamination from sidelobe pick-up of stray radiation originating from the Sun, Earth, and
Moon. The entire sky is observed repeatedly during four years of continuous scanning, with
a combination of three rotations of the spacecraft over different timescales. With about 50%
of the sky covered every few days, this scan strategy provides the mitigation of systematic
effects and the internal redundancy that are needed to convincingly extract the primordial
B-mode signal on large angular scales, and check with adequate sensitivity the consistency of
the observations in several independent data subsets. CORF is designed as a “near-ultimate”
CMB polarisation mission which, for optimal complementarity with ground-based observa-
tions, will perform the observations that are known to be essential to CMB polarisation
science and cannot be obtained by any other means than a dedicated space mission. It will
provide well-characterised, highly-redundant multi-frequency observations of polarisation at
all the scales where foreground emission and cosmic variance dominate the final uncertainty
for obtaining precision CMB science, as well as 2’ angular resolution maps of high-frequency
foreground emission in the 300600 GHz frequency range, essential for complementarity with
future ground-based observations with large telescopes that can observe the CMB with the
same beamsize.
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1 Introduction

In the past few decades, the field of cosmology has undergone a period of dramatically rapid
progress in which a standard model of cosmology has emerged, ACDM. The precision with
which this model has been constrained has been largely driven by studies of the anisotropies in
the cosmic microwave background (CMB). However, despite impressive advances, many open
questions remain. Did the very early Universe undergo a phase of inflation — an accelerated
expansion period in which macroscopic primordial inhomogeneities were seeded from local
quantum fluctuations — and if so, what are the physical mechanisms and the fields responsible
for inflation? What is the nature of the elusive dark matter and dark energy that seem to
constitute more than 95% of the matter-energy density in our observable Universe? Are
the apparent large-scale anomalies observed in CMB temperature maps by the WMAP and
Planck space missions a signature of deviation from isotropy and homogeneity, or a statistical
fluke? Is there new physics at play in the Universe, beyond the standard model of particle
physics and fundamental interactions? Is the overall ACDM cosmological scenario correct,
or are we missing an essential piece of the puzzle?

Answers to these questions can be found in additional observations of the CMB, the
relic radiation that was last scattered when the Universe was about 380,000 years old and
became cold enough that the primordial plasma of light nuclei and electrons combined into
neutral atoms, mainly hydrogen and helium. In the process, the Universe became transparent
to radiation, so that CMB photons became free to propagate. Hence when we observe them
today they carry an image of the Universe at this recombination epoch, which encodes a
wealth of information about the early Universe and about the interactions of CMB photons
on their paths towards us. The Planck space mission has extracted most of the information



in the primordial CMB temperature anisotropy power spectrum (Planck Collaboration et al.
2016a,e). However, the sensitivity of Planck to CMB polarisation — about 50 pK.arcmin (i.e.,
a noise level of 50 uKcyp! per pixel of 1 square arcminute solid angle) — was not sufficient
to extract all of the information that can be obtained from CMB polarisation. The near-
optimal exploitation of CMB polarisation signals requires measurements at the level of a few
uK.arcmin or better, i.e., at least an order of magnitude better than achieved by Planck.

The scientific importance of measuring CMB polarisation has stimulated a huge amount
of activity in the CMB community. A number of suborbital experiments have been or are
being deployed, with the objective to either detect primordial CMB polarisation B modes
generically predicted in the framework of inflationary models, (as recently reviewed in Ref.
Kamionkowski and Kovetz 2016), or B modes due to CMB lensing (Lewis and Challinor
2006), or both. However, it is widely accepted that a space mission will be necessary to fully
exploit the scientific potential of CMB polarisation.

Several concepts for next-generation space missions have already been presented in
answer to calls for proposals by space agencies throughout the world. In Europe, COrE+ was
proposed to ESA in January 2015, but was evaluated as incompatible with the technical and
programmatic boundary conditions of the M4 call, which had an unusual schedule and tight
budgetary constraints. COrE+ followed a previous proposal, COrE, submitted in December
2010 (The COrE Collaboration et al. 2011), and the B-Pol concept (De Bernardis et al. 2009),
proposed earlier within the same programme. A French small satellite mission, the SAMPAN
satellite, was proposed to CNES and underwent a preliminary feasibility study with CNES
and industry in around 2006 (Bouchet et al. 2005). A Japanese satellite to study CMB
polarisation, LiteBIRD, was proposed to JAXA in 2008 and is undergoing a study phase in
Japan in collaboration with a team from the United States (Ishino et al. 2016; Matsumura
et al. 2014). In the US, a mission concept study called EPIC/CMBpol was carried-out under
a NASA contract in 2008-2009 (Bock et al. 2008, 2009), and an initial study is underway
for a “Probe-class” mission currently called CMB-Probe. A different concept, PIXIE, using
a Fourier transform spectrometer to observe in 400 narrow frequency bands between 30 GHz
and 6 THz with only four bolometric detectors, has been proposed to observe not only CMB
polarisation, but also measure spectral distortions of the background (Kogut et al. 2011,
2016). A comprehensive mission, PRISM, with a very broad science case, comprising both
CMB polarisation and spectral distortions, was proposed to ESA in 2013 as a possible large
mission, to be launched in 2028 or 2034 (André et al. 2014; PRISM Collaboration et al. 2013).
None of these proposals is selected yet, but the number of proposals testifies of the strong
interest of the scientific community for a future CMB space mission.

These mission concepts all propose to observe the sky at millimetre to sub-millimetre
wavelengths, but differ in sensitivity (by a factor of up to 10), angular resolution (by a factor
of up to 20), frequency coverage (with vpax/Vmin ranging from 5 to 200), number of detec-
tors (from 4 to more than 10,000), number of frequency bands (from 5 to 400) and orbit
(from low-Earth orbit to the Sun-Earth L2 Lagrange point). These differences arise from:
mission-specific science targets; varying assumptions about the plausible level and complex-
ity of foreground astrophysical emission and about the range of frequency bands required to
clean CMB maps from astrophysical contamination; and programmatic and budgetary con-
straints imposed by the calls for mission concepts by space agencies, which lead to inevitable
compromises.

In CMB thermodynamic temperature units; we will drop the “CMB?” subscript henceforth.



In this paper, one of a series dedicated to the preparation of a post-Planck CMB space
mission, we discuss the performance requirements and the possible design of a future space
mission concept that will observe CMB polarisation, in order to shed new light on cosmology,
and that can be implemented as an ESA medium-size mission to be launched before 2030.
This paper is part of the “Exploring Cosmic Origins (ECO)” collection of articles, each
describing a different aspect of the Cosmic Origins Explorer (CORE), recently proposed to
ESA in answer to the “M5” call for a medium-size space mission within the ESA Cosmic
Vision Programme. We discuss the design drivers and the various options, and present
the expected performance and scientific impact expected from the mission. We compare
the CORFE design with that of other proposals, and discuss the pros and cons of the various
options. A number of relevant questions are addressed in companion papers, which investigate
in more detail: the scientific case for the mission (Burigana et al. 2017; Challinor et al. 2017;
CORE Collaboration et al. 2016; De Zotti et al. 2016; Di Valentino et al. 2016; Melin et al.
2017); its ability to address contamination of the observations by astrophysical foreground
emission (Remazeilles et al. 2017); data analysis techniques that can help mitigate systematic
effects (Natoli et al. 2017); and the design of the instrument (de Bernardis et al. 2017).

2 Overview of CORE

The CORFE mission concept proposed to ESA in answer to the “M5” call is a polarimetric
imager that will observe the sky in 19 frequency bands between 60 and 600 GHz, at an angular
resolution ranging from about 2’ at 600 GHz to about 18 at 60 GHz. CORE is focussed
on CMB polarisation, aiming at exploiting the scientific information that can be extracted
from CMB polarisation £/ and B modes. One of the key science targets is the detection,
precise characterisation, and scientific exploitation of CMB polarisation B modes, both from
inflationary gravitational waves and from the gravitational lensing of last-scattering surface
CMB E modes by large-scale structure along the line of sight (section 3). Figure 1 gives a
view of how well CORE will measure F and B modes, and specifically primordial B modes,
for a tensor to scalar ratio r of 0.01 or 0.001. It also illustrates the relative importance of
various sources of error in polarisation measurements, and in particular the need for accurate
component separation on all angular scales to fully exploit the CMB polarisation signals over
a large fraction of the sky. Indeed, over 70% of sky, Galactic foreground emission at 130 GHz
dominates over noise at all scales down to about 12" (£ ~ 1000), and is larger than E-mode
sample variance in bins of A¢/¢ = 0.3 at all scales. It also dominates over lensing B modes at
all scales for large sky fractions. The severity of foreground contamination would be reduced
if we restrict ourselves to exploiting only the cleanest part of the sky: over 5% of sky, the
amplitude of foreground contamination is reduced by an order of magnitude in amplitude, so
that at 130 GHz it dominates over noise only on scales larger than about one degree. Over
such a smaller patch of sky, however, cosmic variance of F modes or B-modes is significantly
increased.

The instrument uses an array of 2100 cryogenically cooled, broad-band, polarisation-
sensitive Kinetic Inductance Detectors (KIDs) at the focus of a 1.2-m aperture crossed-
Dragone telescope. The full array yields an aggregate CMB polarisation sensitivity of about
1.7 pK.arcmin (Table 1). Frequency channels are chosen to cover a frequency range sufficient
to disentangle the CMB from astrophysical foreground emission. Six frequency channels
ranging from 130 GHz to 220 GHz are dedicated primarily to observing the CMB. The in-
dividual sensitivity of each of these channels is comparable to the level of CMB lensing,
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Figure 1. CMB polarisation angular power spectra CE¥ (dark blue), CPP from gravitational lensing
of E modes by large-scale structure (orange), CZBB from inflationary gravitational waves r (purple,
for two values of the tensor-to-scalar ratio), and total C5 for r = 0.01 (black). Two fundamental
sources of error for measurements of these power spectra with CORE are shown for comparison:
expected noise level (light blue); and average foreground emission over 70%, 20%, and 5% of the sky
(grey bands, from dark to light). Each of the grey bands shows the span of foreground contamination
from 130 GHz (lower limit of the band) to 220 GHz (upper limit). Uncertainties in power spectrum
estimation over bands of A¢/¢ = 0.3 coming from F modes and noise sample variance (representative
of the level at which errors must be understood to take full advantage of the survey raw sensitivity) are
shown as dotted lines. The error bars on the primordial B-mode spectra for » = 0.01 and r = 0.001,
corresponding to 1o in bins ranging from A¢/¢ ~ 0.2 (for r = 0.01, at low £) to 0.75 (for » = 0.001),
illustrate the sensitivity that will be achieved for inflationary science assuming perfect component
separation over 70% of sky and reduction of the contamination by lensing using small-scale CMB E
and B modes measured by CORE.

of order 5 uK.arcmin in polarisation. These sensitive observations at different frequencies
allow for cross-comparison and cross-correlation of independent CMB maps to characterise
foreground residuals and noise properties. Six channels from 60 to 115 GHz mostly serve
to monitor low-frequency and astrophysical foreground emission (polarised synchrotron, but
also free-free and spinning dust in intensity, and in polarisation if required). In sky regions
where synchrotron is faint these channels can contribute to CMB sensitivity as well. Seven
channels ranging from 255 to 600 GHz serve to monitor dust emission, and to map cosmic



Channel Beam Net AT AP AT AT Ay x 10° PS (50)
[GHz] [arcmin] [uK.arcmin] | [pK.arcmin] | [uKgrjy.arcmin] | [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 10.0 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 1.20 —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 7.4 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 frequency channels. The sensitivity is calculated for a 4-year mission,
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 being cooled to 40 K. 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 aggregate CMB sensitivity in polarisation of 2 yK.arcmin (1.7 pK.arcmin for
the full array). Entries for the thermal SZ Comptonisation parameter Ay are negative below 217 GHz
(negative part of the tSZ spectral signature).

infrared background (CIB) anisotropies that can serve as a tracer of mass for “de-lensing”
CMB polarisation B modes (Sherwin and Schmittfull 2015). The telescope size (1.2-m aper-
ture) is such that the angular resolution is better than 18’ over the whole frequency range, so
that all the frequency channels can be used for component separation down to this angular
resolution. In the cleanest regions of the sky, the CMB will be mapped in eight frequency
channels or more, with an angular resolution ranging from ~ 5’ to 10’ and a sensitivity to
polarisation in the 5-8 uK.arcmin range for each channel independently.

The geometry of the spacecraft, displayed in figure 2, is as symmetric as possible to
avoid any thermal effect due to the modulation of the solar flux on the spacecraft while it
spins to scan the sky. The main elements of the payload module (PLM), telescope, screens
and baffles, will be kept cold by passive cooling, to minimise the requirements on the active
cryogenic chain. Passive cooling of the PLM to approximately 40 K will be achieved by
keeping the payload in the shadow of the service module (SVM), and thermally decoupling
the PLM from the SVM with a set of highly reflective V-grooves (a conceptual design similar
to that succesfully used on Planck, Tauber et al. 2010a), while the main payload conical
screen radiates towards free space to compensate for conductive heat inflow from the SVM.

Although the design and performance of the instrument do not critically depend on
the payload temperature actually achieved (which could be as high as 90 K or more with
acceptable impact on the mission performance), the low payload temperature that is achieved
by passive cooling also reduces the background on the detectors, resulting in better sensitivity
overall, in particular in the frequency channels above 220 GHz.

CORE will be in orbit around the second Sun-Earth Lagrange point (L2), and will scan
the sky with a dedicated scanning strategy combining a fast spin (Tspin =~ 2 minutes) around
the spacecraft principal axis of symmetry, a slower precession (Tprec > 4 days) around an axis



Figure 2. Baseline CORE payload and service modules. Top left: Global view of the space-
craft.  Bottom left: View of the SVM following the preliminary design made by ESA in
a short concurrent design facility study performed in March 2016 [http://sci.esa.int/trs/
57795-cmb-polarisation-mission-study|. Middle: Global view of all spacecraft elements, show-
ing the main shield (orange), the telescope (light green) on its optical bench (yellow), the focal-plane
unit (FPU, red), the V-grooves (purple), and the SVM at the bottom. The FPU outer shield is not
represented. Right: View of CORE in an Ariane-6.2 fairing.

that is kept anti-solar to keep the solar flux on the spacecraft constant, and a slow revolution
of the whole system around the Sun with period 1year (figure 3). The precession angle is
a = 30°, and the line of sight (LOS) is offset from the spin-axis by an angle 8 = 65°. The
baseline scan strategy guarantees that each sky pixel is seen by each detector with a large
number of different orientations, a property that is crucial for measuring polarisation with
a good control of systematic effects. Contrarily to some mission concepts proposed earlier,
the baseline version of CORE does not make use of an active polarisation modulator such
as a rotating half-wave plate (HWP). Systematic effects that generate confusion between
all Stokes parameters, and in particular those that result in a leakage of intensity signals
into much fainter polarisation, are controlled through a combination of requirements on the
instrument and on its calibration, of a scanning strategy that provides polarisation measure-
ments and redundancies on a very large range of timescales, and of carefully constructed
data-processing pipelines. Systematics are characterised and corrected for a posteriori, with
a global interpretation of the scientific data themselves, marginalising over nuisance parame-
ters that model instrument properties and sources of systematic errors. The elementary tools
of the data analysis pipeline are outlined in section 7 and discussed in more detail in one of
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Figure 3. On an orbit around the Sun-Earth L2 Lagrange point, 1.5 million kilometre away from

the Earth, the spacecraft scans the sky with three modulations of the pointing direction on various
timescales. The spacecraft spins at a rate of order fspin =~ 0.5 RPM, so that the line of sight scans the
sky on quasi-circles of opening angle 8 with a period of about 2 minutes. The circles are not perfectly
closed by reason of a slower precession, with a period of Tpyec =~ 4 days, with precession angle o. The
precession axis is kept anti-solar, so that the symmetric spacecraft always receives the same amount of
illumination from the Sun, ensuring hence the thermal stability of the payload. The last modulation
is provided by the slow revolution of the whole system around the Sun with a period of one year.

the companion papers (Natoli et al. 2017).
3 Scientific objectives

The baseline science programme of CORFE focusses on understanding the fundamental pro-
cesses that gave raise to our observable Universe. This science case can be addressed with

precise observations of the polarisation of the CMB. The primary science programme aims
to:

. understand the mechanisms that gave raise to primordial inhomogeneities in the very
early Universe, and in particular constrain scenarios of cosmic inflation;

. test the standard ACDM model and look for possible missing pieces in our understand-
ing of the cosmological picture;

. look for cosmological signatures of extensions of the standard model of particles and
interactions.

Additional aspects of this science programme, achievable with the same data, must be con-

sidered in order to fully exploit CMB polarisation observations. These extensions, also of
major scientific interest by themselves, are:



4. investigate and understand the cosmic structures that generate secondary CMB anisot-
ropies superimposed on the primordial ones, in particular through the distortion of the
CMB polarisation by gravitational lensing, which mixes polarisation £ and B modes;

5. understand the astrophysical emission processes that are a source of foreground con-
tamination for CMB polarisation observations;

6. understand the dust-obscured star-formation phase of galaxy evolution;

7. analyse cosmic dipoles in the microwave to test the isotropy and homogeneity of the
Universe at the largest scales, and constrain energy dissipation processes from different
cosmic epochs, including reionisation, through dipole spectrum distortions.

We now further expand the main themes of this science case, concentrating on the
transformational results that will be achieved with CORE. We split the science case into five
main areas: inflation; testing and constraining in detail the standard hot big-bang ACDM
cosmological model; constraining the standard model of particles and interactions; mapping
structures in the Universe; and the legacy value of the CORE survey for other science goals.

3.1 Inflation

Cosmic inflation, postulated in the early 1980s to solve a number of puzzles of the standard
Big-Bang (Planck Collaboration et al. 2014f, 2016d, and references therein), is the current
baseline generic scenario for the generation of primordial perturbations in the early Universe.
Inflationary models generically predict the existence of primordial tensor perturbations at
very early times (Kamionkowski and Kovetz 2016). The amplitude of these tensor modes is
parameterised with the tensor-to-scalar ratio, » = T'/S, which specifies the power of tensor
perturbations relatively to that of scalar perturbations. Tensor modes (primordial gravita-
tional waves) contribute to the total CMB temperature anisotropies and to polarisation E
and B modes, while scalar modes (primordial density perturbations) contribute only to T’
and F modes. The detection of primordial CMB polarisation B modes would provide direct
evidence for cosmic inflation and for quantum fluctuations of space time, as well as deter-
mining the energy scale relevant for the inflationary epoch. Unambiguous detection of these
primordial B modes is hence one of the primary targets of a future CMB space mission.

A few special cases of inflation deserve special attention. The simplest models of single-
field inflation with large fields (A¢ > mpjanck) predict r» = 0.002-0.003 (the so-called Lyth
bound, Lyth 1997). For a simple, single-field slow-roll model, an expansion in terms of slow-
roll parameters, € and 7, gives ng — 1 = 21 — 6¢, while r = 16e. Taking Planck’s measurement
of ng = 0.9655+0.0062 for a standard ACDM model, we infer that 6e —2n = 0.0345 £ 0.0062.
If n <€, we have € >~ 0.005-0.01 and r ~ 0.1-0.2. This scenario is already in mild tension with
the current upper limit of » < 0.07 at 95% CL, coming from BICEP /Keck after foreground
cleaning using WMAP and Planck data (BICEP2 Collaboration et al. 2016), but is not
completely ruled out. Taking the 3¢ upper limit on ng, we get instead r ~ 0.05, still
compatible with present-day measurements; however, this is likely to change in the coming
years, with either a detection or a clear rejection of this model.

In the case of the Starobinskii R? model (Starobinsky 1980), the predicted level is
r = 3(ns — 1)? instead. The Planck constraint on ng suggests r ~ 0.0035, and r > 0.0008
for ng at its 3o upper limit. This is a much bigger challenge for sub-orbital observations.
Section 4.1 discusses why making a clear detection of B modes at this level must be done
from space.



Lastly, we note that small field inflationary models, in general easier to connect to
fundamental physics, generically predict values of r smaller than the Lyth bound. Hence,
r < 0.001 is as plausible a scenario as anything else (Lyth 1997). In that case, detecting
primordial inflationary B modes is out of reach for the foreseeable future, but nevertheless
the precise and accurate observation of CMB polarisation is still a scientific necessity — even
if r < 0.001, ruling out large-field models is an essential piece of information that cannot be
obtained by any other means.

In the coming years, the sensitivity of ground-based CMB observatories will substan-
tially increase. Multi-frequency observations in the atmospheric windows will improve the
capability of controling foreground contamination. This evolution is likely to result in sub-
stantial improvement of the current upper limit of r < 0.07, perhaps down to r <0.01; al-
though the contamination of the observations by Galactic foreground emission is a challenge
that should not be underestimated. We require that CORFE should perform at least 10 times
better then this, i.e., be able to unambiguously detect or rule out » ~ 0.001. The capability
of detecting CMB B modes to that level of » — which is both well motivated scientifically
and plausibly out of reach of suborbital experiments alone — is a natural science objective
for a future space mission. A non-detection would rule out all large-field inflationary models.
A detection would be a major discovery, and also make it possible to clearly decide between
some of the currently favoured inflationary models.

Constraining inflation is not exclusively the domain of the detection of primordial B
modes and measurement of the value of r. Inflationary models are also meaningfully con-
strained by tightening the measurement of the spectral tilt ng and on the variations of ng
with scale, as well as on the level of non-Gaussian signatures in the CMB maps. CORF is
also designed to dramatically improve on these other inflationary observables. If primordial
B modes are detected, the tensor spectral index n; also becomes an observable of interest.
We refer the reader to the relevant companion paper (CORE Collaboration et al. 2016) for
further details.

3.2 The cosmological model

Many of the main cosmological observations, such as the homogeneity and isotropy on large
scales, the expansion rate, the abundance of light elements, the growth of structure, CMB
temperature and polarisation anisotropies, statistics of galaxy distributions, cosmic shear
measurements, supernova brightnesses, and cluster number counts, are compatible (within
current uncertainties) with a ACDM model with just six main parameters. The remarkable
agreement of this disparate set of observations with a relatively simple model also represents
several big puzzles: it suggests the inflationary paradigm for the original of the initial density
perturbations (as discussed above); it invokes the existence in the Universe of an unknown
type of dark matter, representing roughly 25% of the total matter-energy density; and it also
requires the existence of the even more mysterious dark energy, accounting for about 70% of
the energy content in the Universe at present, and responsible for the observed acceleration
of the expansion and for the dilution of large-scale structures at late times. Clues about the
exact nature of both “dark” components are lacking, leaving room for many possible options,
as well as for imaginative theoretical speculation.

In addition, in spite of a remarkable overall concordance, some apparent tensions exist
between the model and subsets of the data. Although currently near the limits of statistical
significance that would be required to seriously challenge the standard cosmological model,
these tensions add to a sense of unease in postulating that our Universe is filled at the 95%



level with forms of matter and energy that are completely unknown. As an example, the
Hubble constant today inferred by Planck from the CMB at the last-scattering epoch (Planck
Collaboration et al. 2016¢) is discrepant at about the 2.4 ¢ level with Hubble Space Telescope
Cepheid+SNe-based estimates (Riess et al. 2011). These recent values are consistent with the
earlier tension noted in the first Planck cosmological parameters paper (Planck Collaboration
et al. 2014d), which generated some debate in the community. Another intriguing discrepancy
is found between the value of the amplitude og of density perturbations at the scale of
8h~! Mpc inferred from cluster number counts (Planck Collaboration et al. 2016g) and the
value inferred from the CMB alone. Additional discrepancies, at a lower level of significance
have been suggested through the inferred amount of lensing in the CMB angular power
spectrum, via differences in sub-sets of CMB data, in the curvature €2; and in other specific
parameters (Addison et al. 2016; Couchot et al. 2017; Planck Collaboration 2016g). So how
can we determine if these tensions are more than just statistical fluctuations?

The CMB is currently the key observable for quantifying this global cosmological pic-
ture. CMB photons probe the Universe at the earliest possible times and on the largest
possible scales. The CMB is also the unique backlight that shines on all structures between
the last-scattering surface at z ~ 1100 and observers on Earth at z = 0. The complete
exploitation of the information it carries is a scientific imperative for cosmology (Galli et al.
2014; Scott et al. 2016). With high S/N maps of 7', E' and B, yielding cosmic-variance dom-
inated measurements of the temperature and polarisation angular power spectra CZT, CzE ,
C’fE , and angular power spectrum Cf ? of the CMB lensing potential, errors on cosmological
parameters as currently best constrained with the CMB by Planck (Planck Collaboration
et al. 2016e) can be reduced by factors that can reach an order of magnitude or more (Di
Valentino et al. 2016). Such a drastic improvement will clarify whether existing tensions are
an indication of a departure from the standard cosmological scenario, a statistical excur-
sion, or a systematic error in one of the measurements. New tensions that are undetectable
as of now are also likely to be uncovered— when considering extensions to the standard
cosmological scenario, the total volume of the error, represented by the figure of merit

FoM = <det [cov{Qth, Qh2, 0, 7, Ag, ng, ...}]>_1/2, (3.1)

computed from the covariance matrix of the errors on a set of cosmological parameters, can
be improved by a factor as much as 107, depending on the extensions considered. This
improvement in constraining the cosmological scenario is essential for making progress on
the current puzzles. We refer the reader to Ref. (Di Valentino et al. 2016) for an in-depth
discussion regarding future constraints on cosmological parameters with CORE alone, as well
as in combination with other cosmological data sets.

Finally, improving the determination of the CMB dipole amplitude and direction and
comparing it with analagous investigations in other wavebands, which exploit signals from
different types of astrophysical sources, probing different shells in redshift, provide an im-
portant test of fundamental principles in cosmology. The extension of boosting effects to
polarization and cross-correlations with CORFE will enable a more robust determination of
purely velocity-driven effects that are not degenerate with the intrinsic CMB dipole, allowing
us to achieve an overall signal-to-noise ratio close to that of an ideal cosmic variance limited
experiment up to a multipole [ ~ 2000 significantly improving on the Planck detection. We
refer the reader to Ref. (Burigana et al. 2017) for further discussion.
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3.3 Fundamental particles and interactions

The standard model of particles and interactions is remarkably successful at describing the
fundamental laws of nature. Families of elementary particles, which constitute the building
blocks for all of the experimentally observed forms of matter, as well as the carriers of the
known interactions between them, have been identified and their main characteristics have
been determined. However, this model is incomplete.

First and foremost, there exists at present no model that unifies the force of gravity
with the other known forces of nature. The coupling constant for gravity is so small that
the gravitational interaction cannot be probed on the scale of individual particles (the ratio
of gravitational to electric interaction between an electron and a proton is of the order of
10~49). Gravity can only be probed with massive objects, for which all other interactions are
effectively screened by factors of at least 10%0. Hence, the cosmos is an essential laboratory
for understanding the laws of physics when gravity is taken into account.

Even if one ignores gravity, the standard model of particle physics is still incomplete for
a number of other reasons. For instance, the standard model does not currently explain why
neutrinos have mass, while the observation of neutrino oscillations implies a non-vanishing
difference of squared mass for the different eigenstates, i.e.,

Am?, ~ 7.5 x 107° eV? 3.2
12

and
|Amis| ~ 2.5 x 1072 eV?, (3.3)

but do not constrain the absolute mass scale of the neutrinos (Nakamura and Petcov 2016).

Measuring CMB lensing, Cf ¢, breaks parameter degeneracies and enables estimates
to be made for the sum of the neutrino masses (e.g., Kaplinghat et al. 2003). The precise
predictions depend on details of the neutrino sector (e.g., whether they have the normal or
inverted mass hierarchy) and on what other data are used in combination. However, one
conclusion of Ref. (Di Valentino et al. 2016) is that CORE, together with Fuclid and DESI
should provide o(M,) = 16 meV, yielding a 4 o detection of the neutrino mass sum.

Accurate measurements of CMB polarisation can also constrain additional neutrino
species or other light relics. This is parameterised by the quantity Neg, which has the value
3.046 in the standard model (slightly higher than 3 because of details of neutrino decoupling).
The expected uncertainty is o(Neg) = 0.041 from CORE alone, and o(Neg) = 0.039 in
combination with future BAO data (Di Valentino et al. 2016).

There are many other directions in which physics beyond the standard model can be
constrained with a sensitive CMB polarisation survey such as planned with CORE. This
includes: dark matter annihilation and decay; variation of fundamental constants; topological
defects; and signatures of stringy physics.

3.4 Structures

Much of cosmic history is probed by observations of the growth of structures after the last
scattering of CMB photons. A space mission dedicated to precision CMB polarisation science
will also trace the growth of cosmic structures using three independent probes: CMB lensing;
galaxy clusters; and the cosmic infrared background.
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Lensing: Gravitational lensing by large-scale structures along the path of the CMB photons
slightly distorts the anisotropy and polarisation patterns of the primordial CMB (Lewis and
Challinor 2006). This gravitational lensing effect mixes £ and B modes, giving rise to lensing
B modes on all angular scales. B modes due to the lensing of £ modes into B modes peak
at £ ~ 1000, i.e., angular scales of order 10 arcminutes. Their amplitude on larger scales
is similar to that of white noise of amplitude 5 pK.arcmin. For r < 0.01, lensing B modes
dominate B-mode polarisation at all scales except the very largest ones (¢ < 10), and they
dominate over the noise in the error budget for detecting primordial B modes when maps
reach a noise level of order 5uK.arcmin. Hence, a space mission attempting to observe
r <0.01 will also inevitably observe CMB lensing, and have to deal with the corresponding
contamination, which degrades the sensitivity to primordial B modes.

CMB lensing, however, is not only a nuisance for measuring inflationary B modes; it
also is a unique observable for probing the full distribution of matter between us and the last-
scattering surface at z ~ 1100, i.e., in the whole observable Universe, in a way that does not
rely on baryonic tracers and does not require us to understand non-linear growth effects in
detail. It is a way of directly observing the distribution of dark matter and hence is a primary
goal for future CMB observations. CMB lensing effects have already been detected by Planck
and by several ground-based experiments (e.g., Planck Collaboration et al. 2016f). These
clear detections however, still have limited signal-to-noise ratio per pixel, and/or limited sky-
coverage. A future B-mode survey can transform this area of research, providing accurate
maps that can be used for precision cosmology and cross-correlation with large-scale structure
Surveys.

Clusters: Galaxy clusters, detectable in the frequency range of interest for CMB obser-
vations, distort the CMB spectrum via the thermal Sunyaev-Zeldovich (tSZ) effect, which
is interaction of the hot intracluster gas with CMB photons through inverse Compton scat-
tering (Carlstrom et al. 2002). Clusters are a particularly sensitive probe of the growth
of cosmic structure (e.g., Planck Collaboration et al. 2014¢). By measuring the abundance
of clusters as a function of redshift, we can tightly constrain the dark energy equation of
state and the neutrino mass scale, and look for deviations to standard gravity theory. Doing
this requires accurate and precise calibration of the cluster mass-observable scaling relations,
which in turn requires good lensing measurements of cluster masses out to redshifts z > 1. A
CMB temperature and polarisation survey can calibrate the normalisation of the SZ signal-
to-mass scaling relation using CMB halo lensing. To obtain enough clusters and calibrate
their scaling relation to sufficient accuracy requires a survey covering a large sky fraction with
angular resolution comparable to the scale of clusters, and high sensitivity in temperature
and polarisation.

For the baseline survey, we expect that CORFE will detect tens of thousands of galaxy
clusters, with several hundred at redshifts z > 1.5. The cluster sample will extend to higher
redshifts than the eROSITA catalogue and will be a critical resource for studies of galaxy
formation in dense environments, especially when coupled with NIR surveys such as those
from Fuclid and WFIRST. Using CMB lensing measurements towards detected clusters, the
normalisation of the SZ signal-to-mass relation can be calibrated to the percent level at
z < 1, and to better than 10% at redshifts approaching z = 2. Under these conditions and in
combination with primary CMB constraints