Chapter 1

Origin and evolution of the Universe
Cosmology encompasses the study of the origin, the contents and the evolution of the Universe. In this
Chapter, we provide a short status update of our understanding of the current standard cosmology
and what are seen as the main science drivers in the coming two decades to test, improve, or even
overhaul the cosmological model. We discuss observational probes, and new facilities that allow one
to address key science questions, either through general-purpose instruments and telescopes but also
through those optimally designed for a single purpose or to answer very specific questions. Besides
these new instruments, future facilities also rely increasingly on computers and data science as well
as on simulations to maximize their return. This chapter will not cover the study of gravitationally
collapsed objects but rather focus on larger scales. Similarly, high-energy processes and computational
cosmology will be covered in other chapters.

1.1

Introduction

The standard paradigm of cosmology is exceptionally simple. It is fundamentally based on the general
theory of relativity, which describes gravity on sub-horizon scales but also the expansion history of
the Universe itself. The energy-density tensor in general relativity is determined by three components:
in particular, those of ordinary baryonic matter, (non-baryonic) dark matter, and dark energy (or a
cosmological constant). No conclusive deviations from general relativity have manifested themselves in
observations on large scales, even though the nature of dark matter and dark energy remain unknown.
General relativity is thus believed to describe the expansion of the Universe accurately, as well as
gravity on scales much below that of the horizon scale of the Universe. Over the past two decades, a
“standard model of cosmology” (see Fig. 1.1 for a sketch), usually denoted ΛCDM, has been developed
with only six free parameters, which explains everything we observe on scales exceeding roughly one
comoving Mpc. This model is geometrically flat, with significant contributions to the energy density
from baryons, radiation, neutrinos, non-baryonic dark matter and negative-pressure dark energy, with
additional parameters to describe the early distribution of energy-density fluctuations. Observations,
obtained through general-purpose as well as specially-designed instruments, of directly calibrated distance measures (e.g., supernovae [SNae], strong lenses), large-scale structure, weak gravitational lensing, the cosmic microwave background, and baryonic acoustic oscillations, were all in agreement with
this model within their specified uncertainties, at least until recently. On smaller scales, complex
astrophysics (e.g., baryonic physics, chemical, radiative and kinetic feedback) is thought to confound
simple interpretation. At the onset of the 2020s, this simple but incomplete picture is starting to
show cracks, and so-called tension is regularly found in measurements of the standard-model parameters when compared between, for example, early Universe probes (e.g., cosmic microwave background
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Figure 1.1: This graphic shows the evolution of the Universe, from the Big Bang to the present day.
Credit: WMAP team
[CMB], baryon acoustic observations [BAO]) and late Universe probes (e.g., large-scale structure [LSS],
SNae and weak/strong gravitational lensing). These most recent observations probe increasingly larger
volumes of the Universe (both in sky coverage and in redshift space) with increasingly more sensitive
instruments, sometimes specifically designed for one purpose only, reducing the statistical (and, we
hope, systematic) errors suﬃciently to highlight any discrepancy. This tension is now exceeding levels
of 4-5-σ significance (Fig. 1.2), despite a concerted eﬀort to search for systematic errors in the data,
analyses and interpretation. We have thus reached a point where the foundations of the cosmological
model need further scrutiny. Researchers have thus started questioning General Relativity (i.e. gravity)
itself, further probing the still-unknown nature of dark matter and dark energy (or whether it exists
at all), and asking whether other energy-density components can contribute (e.g., early dark energy,
more neutrino species). To widen or repair these cracks in the current cosmological model, powerful
new instruments are needed in the coming decade, to provide robust answers to these questions. These
instruments need to probe large(r) volumes and higher redshift regimes, explore upcoming new probes
(e.g., 21-cm cosmology, gravitational waves), be more sensitive and less prone to systematic errors,
which are otherwise becoming increasingly subtle. Moreover, answers will likely not come from one instrument alone, but from complementary probes, even if only to confirm each other’s findings. Besides
these instruments, high-performance computing and new data-analysis and data-science tools need to
be developed, and are already becoming an integral part of the development of new instruments. The
next decade in cosmology will therefore focus on trying to answer fundamental questions about the
nature of our Universe, ranging from its energy-density components all the way the nature of gravity,
and connect this to the standard model of particle physics, which is itself being scrutinized both in
cosmology and in high-energy physics. In particular, we identify some key questions, listed below, that
are likely to drive research in this field in the coming decade(s).
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Figure 1.2: Relative probability density functions for several current methods for measur- ing H0. The
CMB, BAO, strong lensing and TRGB methods currently yield lower values of H0, while Cepheids
yield the highest values. The uncertainties associated with H0 measure- ments from gravitational wave
sirens, strong lensing, Miras, masers, and SBF are currently significantly larger than the errors quoted
for the TRGB and Cepheids.”
Key Questions
• Are there deviations from general relativity, and on what scales?
• Are there deviations from the standard model of particle physics?
• Are there deviations from the standard cosmological model?
• What is the nature of dark matter ?
• What is the origin of the accelerated expansion ?
• Can we identify specific observational signatures of inflation?
• What can gravitational waves observations reveal about dark energy, dark matter and modifications of gravity on cosmological scales?

1.2

Research domains

We briefly summarise the current status and some open questions in cosmology, in chronological order
of the Universe’s expansion or in some cases being of importance to a number of eras.
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1.2.1

Inflation & Reheating

Observations of the temperature and polarization anisotropy of the CMB strongly support the idea
that the early Universe underwent a period of inflation. Inflation is a phase of accelerated expansion
which is supposed to take place at very high energy (i.e., at an early time), most likely between the
Large Hadron Collider (LHC) scale, ≃ 104 GeV, and the Grand Unified Theory (GUT) scale, ≃ 1016
GeV. Inflation allows us to understand several puzzles that plagued the pre-inflationary standard
model and that could not be understood otherwise (e.g., the near-flatness of the spacetime manifold;
the near-uniformity of the CMB). Without inflation, the standard model of cosmology would remain
incomplete and highly unsatisfactory. The most spectacular achievement of inflation is that, combined with quantum mechanics, it provides a convincing mechanism for the origin of the cosmological
fluctuations (the seeds of large-scale structures that will form later and which we see in the CMB
anisotropies) and predicts that their spectrum should be almost scale-invariant and their distribution
should be nearly that of a spatially isotropic Gaussian random field — all of which is fully consistent
with the observations. Inflation oﬀers a unique way to test experimentally an eﬀect based on the interplay of general relativity and quantum mechanics. In order to produce a phase of inflation, one needs
a situation where the matter content of the Universe is dominated by a fluid with negative pressure.
In standard astrophysics, matter is usually modelled by gases with positive pressure. At very high
energy, the correct description of matter is no longer fluid mechanics but field theory, the prototypical
example being a scalar field. Quite remarkably, if the potential of this scalar field is suﬃciently flat
so that the field evolves slowly, then the corresponding pressure is negative. This is why it is believed
that inflation is driven by one (or several) scalar field(s). However, the physical nature of the inflation
and its relation to the standard model of particle physics and its extensions remain elusive. Another
crucial aspect of the inflationary scenario is how it ends and how it is connected to the subsequent
hot big bang phase. It is believed that, after the slow-roll period, the field reaches the bottom of its
potential, oscillates, and decays into radiation. In this way, through this so-called reheating process,
inflation is smoothly connected to a subsequent radiation-dominated epoch. It is also possible for a
phase of parametric resonance and explosive particle production, called preheating, to occur before
the thermalization phase. Both reheating and preheating may leave subtle traces in the distribution
of matter at late times.
Domain-specific Questions
• Did inflation happen, and if so, what direct observational imprints do we see for its energy
scale?
• Which quantum field(s) caused inflation and how is it related to particle physics, if at all?

1.2.2

From Reheating to Recombination

As the Universe cooled in the aftermath of inflation, it underwent a series of transitions as diﬀerent
interactions froze out: baryogensis, when the amount of matter first exceeded that of antimatter; from
quarks to nucleons; from nucleons to light nuclei (big-bang nucleosynthesis); and finally from ionised
nuclei and free electrons to neutral atoms. Each of these transitions — and any others due to physics
beyond the standard model of particle physics — has left its imprint in the present-day Universe.
This last transition — recombination — directly generates the cosmic microwave background, as the
Universe goes from being opaque to transparent to photons, and has become the most precise test of
the cosmological model.
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Key Questions
• What are the observational consequences of non-standard-model particle physics, in the
CMB or other cosmological observables?
• What information about the inflationary model can we access?

1.2.3

Dark Ages, Cosmic Dawn & Epoch of Reionization

After recombination (z ∼ 1100), the Universe became transparent to most radiation. Being mostly
neutral and consisting of hydrogen and helium, with only a trace of electrons left, the Universe entered
the so-called “Dark Ages”, where no significant source of emission is known except for the redshifted
21-cm line of neutral hydrogen (designated the “21-cm signal” hereafter). Until z ∼ 200, the spin
temperature of the 21-cm hyperfine line is equal to that of the CMB, yielding no discernable 21-cm
signal. The Universe appears genuinely dark. At z ≤ 200, however, the spin and radiation temperatures decouple, and hydrogen becomes visible in absorption until about z ∼ 30. During this period,
the physics of the resulting 21-cm signal is well understood and based on linear perturbation theory. In
addition, it is tightly coupled to the physical model that describes the CMB and later the BAO. The
advantage of observing the 21-cm signal over the CMB is that the former is redshift-dependent and
potentially contains many orders of magnitude more information since small scales are not suppressed,
and independent information is obtained with redshift. Deviations from the standard cosmological
model predictions of the 21-cm signal thus allow dark matter (e.g., through its power-spectrum and
potentially through annihilation eﬀects; see Fig. 1.7) and gravity to be probed on much smaller scales
than with the CMB or BAO, and also whether other early contributions to the energy density exist
(e.g., early forms of dark energy or other relativistic particles) that evolve with cosmic time. The Dark
Ages are therefore an enormous and untapped reservoir of information. However, due to its very high
redshift, space-based radio instruments will be needed that can observe at frequencies that do not
penetrate the earth’s ionosphere. Ideal locations for such instruments would be either in lunar orbit
or on the lunar farside, where these instruments are also shielded from radio-frequency interference.
In addition, using the faint radio light coming from neutral hydrogen, upcoming 21-cm surveys will
enable the measurement of a complete time sequence of images from the onset of Cosmic Dawn, at
z ∼ 30, to the end of Reionization, at z ∼ 6. In this case, the physics will be largely driven by complex
astrophysical heating, cooling and radiative processes driven by the formation of stars, x-ray binaries
and black holes. These eras will be more extensively discussed in the section on Galaxies and their
formation, and can be probed thought the 21-cm line, but also through emission from the first stars
and black holes.
Domain-specific Questions
• When did the Dark Ages, Cosmic Dawn and Epoch of Reionization start and end and what
physical processes drive them?
• Is there any evidence for deviations from the standard (cosmological) model during the
Dark Ages?

1.2.4

The Formation of Large Scale Structure

As the initial density perturbation evolve across time under the eﬀect of gravity, matter flows from
underdense cosmic voids surrounded by sheet-like structures, the so-called walls, and then via filaments
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,marking the edges of the walls, into the nodes of the cosmic web. The late Universe, observationally
dominated by the distribution of galaxies in these structures, gives a highly processed view of the
primordial perturbations and their evolution and the interactions between diﬀerent species of particles. This enables probes of our model — and extensions such as interacting dark matter and dark
energy, new particle species, and non-Einstein gravity — in new physical situations. Those new situations require analytical or numerical predictions in highly nonlinear circumstances. In fact, in the
early Universe, the density perturbations that characterise the distribution of the large-scale structure
are very small, of the order of 10−5 . Therefore they can be described through the linear theory of
cosmological perturbations, e.g., through the linearisation of Einstein’s equations of gravity. These
small initial anisotropies are imprinted in the CMB, i.e., in the temperature and polarisation of the
photons interacting with matter in the initial plasma, which decouple at recombination. However,
due to the gravitational instability, these small initial overdensities grow to form larger and larger
structures in the Universe. At this stage, the linearised Einstein’s equations are no longer able to
describe the evolution of the Universe, which becomes highly nonlinear and describable only thanks to
the use of numerical simulations (albeit usually using Newtonian gravity, adequate on scales between
cosmological and black-hole horizons). These simulations allow us to understand and model structure
formation, not only at large scales, where gravity plays the main role, but also at small scales, as galaxies within clusters, filaments and cosmic voids. The nonlinear evolution of structures in the Universe
is characterised by diﬀerent and intriguing aspects, which makes its description and interpretation
much complicated, but at the same time even more fascinating. By means of the nonlinear evolution,
not only overdensities merge together to form large virialised structures such as clusters of galaxies,
but even underdense regions evolve by changing the depth and size of cosmic voids, i.e., the largest
non-virialised structures in the Universe. Furthermore, the nonlinear evolution alters the position and
height of BAO in the distribution of galaxies, i.e., of those acoustic peaks that we observe in the CMB
at the linear level. This evolution depends on the constituents of the Universe, and on the physics that
govern it. Thanks to nonlinear modelling of structure formation, it is possible to extract information
from the statistics of data from the late Universe, such as the correlation of galaxies, or the abundance
of clusters and cosmic voids, which, when combined with observations of the early Universe such as the
CMB, allow us to quantify its constituents, their evolution, and to verify Einstein’s general relativity.
Domain-specific Questions
• Is there evidence in structure formation for deviations from general relativity or the cold
dark matter and dark energy paradigm?
• What is the exact connection between the formation of stars and galaxies and their dark
matter halo?

1.2.5

Fundamental and New Physics

Astronomical data relevant for cosmology provide direct evidence for some physics beyond the standard
model of particle physics: the matter-antimatter asymmetry, the presence of (nearly Gaussian) powerlaw fluctuations in the photon-matter mixture on scale larger than the horizon at recombination (when
the Universe was 370 000 years old), the presence of a probably non-baryonic dark matter component
dominating the matter budget of the Universe, the presence of a repulsive dark energy force, dominant
at the largest scales of the Universe. The imprint of this new physics will have to be found in the matter
distribution, through two main observables: the properties of the fluctuations of the cosmic microwave
background, mostly tracing the distribution of matter at z ∼ 1000; and the distribution of galaxies
(and possibly of baryons) at low redshift. Concerning the latter, both the density of the sampling and
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the volume coverage are critical. This has triggered development of several major facilities that will be
put in operation in the coming decades (e.g., DESI and Vera Rubin Observatory as ground facilities,
Euclid and Roman Space Telescope as space projects), and are calling for a new generation of yet more
powerful instruments of the same type. Similarly, for what concerns CMB observations, ground based
(e.g., Simons Observatory, CMB-S4) and satellites (e.g., LiteBIRD) will provide new polarised CMB
data in the next decade. If early (i.e., high energy) physics is certainly a clue to some of the above
puzzles, it has also been realized that our knowledge of gravitation at very large scales is very poor:
the sign of the gravitational force at the scale of the Universe has only been known for twenty years!
• Dark matter and Dark Energy
The interplay between high energy physics and cosmology can be traced back to the seminal
works of Gamow. This connection has strengthened since then with two observational facts:
the gravitationally normal matter in the Universe is dominated by a dark component which is
likely to be composed of particles yet undetected in terrestrial experiments; and the evidence
for an accelerated expansion of the Universe, meaning that gravitation, so well-studied since
Galileo, is repulsive at cosmological scales. Despite continued attempts at laboratory and collider
detection, until now only astronomical studies have provided direct information on these two dark
components.
• Testing GR at cosmological scales
The discovery of the accelerated nature of the expansion has considerably strengthened the
importance of testing our theory of gravity at large scales: understanding the very nature of the
origin of the accelerated expansion will come from accurate tests of GR at cosmological scales,
with the goal of reaching accuracy similar to what has been achieved in Solar System tests. Even
in the case of pure ΛCDM cosmology, this eﬀort will remain essential.
• Primordial power spectrum features
The standard ΛCDM cosmological model involves an inflationary era as an early phase. Specifically, two out of the six ΛCDM parameters are directly related to Inflation and completely define
the power-law form (in Fourier space) of the primordial power spectrum of scalar perturbations.
Any deviation from this power-law function can be linked to phenomena happening in the inflationary phase itself or during a hypothetical earlier one, where traces of quantum gravity eﬀects
might originate. Currently there are some very mild hints of such deviations, which however are
not statistically significant. The situation might change when CMB polarisation data on large
scales will be measured in the cosmic-variance limit or if, at longer time-scales, primordial CMB
spectral distortions are observed. Moreover, in the less near future (∼ 10–20 years from now) we
could well be in a similar situation for the primordial spectrum of tensor perturbations (primordial gravitational waves) with the diﬀerence that even the detection of these modes, independent
of the functional form of their power spectrum, would be an indication of a quantum gravity
phenomenon by itself. The spectral characterisation of tensor modes could then add significant
insight into this new physics.
• Early dark energy models (H0 tension)
The precision of cosmological observations has increased to the point that we have begun to see
marked statistical tensions between diﬀerent datasets. The clearest case is given by the value of
the Hubble constant at present, H0 , which appears discrepant between early and late Universe
observations, with a statistical significance between 4 and > 5σ depending on the data used.
This might still be the consequence of systematic eﬀects not properly taken into account during
analysis or, more intriguingly, might be ascribed to new physics beyond the ΛCDM model. In
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the latter case, one of the most popular reconciliations of the discrepancy is represented by Early
Dark Energy models, which introduce a new accelerated expansion phase well after inflation, but
preceding the recombination era. The presence of a new field providing this acceleration might
have other physical/cosmological consequences beyond the reduction of the observed tension.
These would represent a benefit for the success of the model, as well as a falsifiable prediction,
if these additional consequences could not be convincingly described in the standard scenario.
Moreover, in the future (10+ years from now), the increase of the precision and of the wealth
and quality of cosmological data might uncover new tensions similar to what we are presently
facing with H0 .
• Neutrinos, light relics, dark radiation, and more
The linear power spectrum of matter fluctuations results from the initial distribution of perturbations (believed to be set during the inflation period) and from their evolution during the
early Universe, which depends on the precise contents and which in return can leave specific
imprints. This is for instance how the most severe constraints on neutrinos masses are obtained.
Other “exotic” relics (axions, dark radiation, sterile neutrinos, coupled dark matter, . . . ) may
lead to specific signatures that can be looked for through measurements of the LSS distribution
or through the CMB properties (the distribution of intensity and polarization as well as any
departures from a black body).
Domain-specific Questions
• Is there any evidence in cosmology for deviations from general relativity, the standard
cosmological model, or the standard model of particle physics?

1.3

Observational probes and signatures

The study of these diﬀerent research domains requires a wide range of observational probes, some
“traditional” and some more recent (e.g., gravitational waves). These probes drive the development
of new instrumentation and enable some of the key questions posed in Section 1.2 to be addressed.
Below we discuss these probes and identify some key facilities and instruments.

1.3.1

Gravitational Waves

Due to their weak interaction with matter, gravitational waves are an ideal probe of the physics of
the earliest moments of the Universe. They freely propagate to us carrying unique information about
their production processes, and enabling us to explore epochs and energy scales inaccessible to electromagnetic observations and lying above the ones achievable with current particle colliders. During an
inflationary phase, a stochastic gravitational wave background is produced by quantum fluctuations
of the gravitational field. Quantum fluctuations in the spacetime geometry of the early Universe are
expected during the primordial inflationary and reheating phases. They are amplified to cosmological
scale and leave a background of relic primordial gravitational waves. Diﬀerent mechanisms give rise to
specific features in the primordial gravitational-wave power spectrum, whose detection should discriminate among inflationary models. Currently, the most promising way to detect primordial gravitational
waves is the search for so-called B-modes in CMB polarization anisotropies. Since gravitational waves
are expected to aﬀect the cosmic mass distribution by modifying the power spectrum of primordial
scalar perturbations, the imprint of inflationary gravitational waves might also be found in the largescale structure of the Universe. Ground-based gravitational-wave detectors, such as LIGO, Virgo and
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Figure 1.3: Cosmological reach to black hole binaries within the next 20 years of gravitational wave
astronomy The diﬀerent coloured contours refer to the four epochs of gravitational wave detectors. The
x axis displays the total mass measured in the source frame. The total mass measured in the detector
frame is heavier by (1+z) (as shown by dotted line for LISA). We consider binaries with total mass in
the IMBH range (102−5 M⊙ ). We divide IMBH binaries into three classes: (1) lower-range 102−3 M⊙ ,
(2) medium-range 103−4 M⊙ , and (3) upper-range 104−5 M⊙ masses. The horizon distance (measured
as the cosmological redshift for CDM cosmology) on the y axis has been computed at the minimum
threshold S/N=8 for binaries with two equal-sized, non-spinning black holes. For LISA, we show how
the horizon radius depends on S/N. Credit: Nature Astronomy
KAGRA, and the Pulsar Timing Array (PTA) search for stochastic backgrounds of astrophysical and
cosmological origin. While the former arises from a superposition of a large number of unresolved
astrophysical gravitational-wave sources, the gravitational-wave relics from the earliest cosmological
epochs are a unique probe of the earliest moments after the big bang, able to test models of inflation
and General Relativity at cosmological scales. The eﬀectiveness of this search will enormously increase
with the advent of the next generation of gravitational-wave ground-based (such as Einstein Telescope
and Cosmic Explorer) and space-born (such as LISA) detectors which will reach unprecedented sensitivities and open the observations to lower frequencies, respectively. These instruments will have the
capabilities to reveal new physics; particles beyond the standard model, high-temperature cosmological
phase transitions, topological defects, inflation and reheating, extra spatial dimensions.
Gravitational waves from binary systems of compact objects can be used as “standard sirens” to
measure cosmic distances and thus the expansion rate. The Einstein Telescope, Cosmic Explorer, and
LISA, which will observe the Universe along its cosmic history, will enormously increase the number
of detections, and locally improve the distance measurement precision. In addition to the possibility
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of solving the tension between the CMB and local Universe Hubble constant measurements, mapping
standard sirens up to high redshift can also unveil the nature of dark energy. Gravitational-wave
cosmography is expected to precisely measure cosmological parameters. The large number of binary
compact object mergers expected to be detected by the next generation of gravitational-wave detectors
(of order of 105 per year) also opens promising prospects for using them as a tracer of LSS, as, e.g.,
clustering measurements of gravitational-wave mergers in the luminosity distance space can be directly
used as tool for cosmology. Dark matter could be composed, at least in part, of primordial black holes.
These could be seeded by fluctuations generated during the last stages of inflation, which then collapse
in later epochs. Their mass distribution depends on the precise model of inflation and on the time when
they collapsed. Increasing the number of black-hole merger detections and extending their observation
to higher and higher distances will constrain their mass distribution (possibly identifying excesses of
black holes in certain mass intervals) and their spatial distribution. Network of the next generation of
ground-based gravitational-wave detectors can detect population of primordial black holes at redshifts
so high (> 10) that black-holes from Pop-III stars could not have had the time to form and merge
yet. The firm identification of primordial black-holes might thereby revolutionize our understanding
of the inflation and the early Universe. The redshifts explored by third generation of ground-based
gravitational-wave detectors will enable to test deviations from general relativity at cosmological scales;
for example, probing modified gravitational-wave propagation.
Key Facilities
The Advanced Ligo, Advanced Virgo and Kagra, the next generation of ground-based
detectors, Einstein Telescope and Cosmic Explorer, and the LISA space mission have
emerged as key facilities that could transform the field of gravitational waves, covering a wider
range of masses and redshifts that can be probed, and increasing sensitivity. Europe plays a
leading role in the Advanced Virgo, and the development of the ground-based detector Einstein
Telescope and the LISA space mission. Einstein Telescope has been recently included in the
European Strategy Forum on Research Infrastructure (ESFRI).

1.3.2

Polarisation of the Cosmic Microwave Background Radiation

The linear polarisation of CMB anisotropies can be decomposed into a gradient-like (E-mode) and
a curl-like (B-mode) component, which behave diﬀerently under a parity transformation. The great
importance of the latter is due to the fact that primary B-modes can be attributed to tensor perturbations, i.e., primordial gravitational waves, as opposed to scalar (density) perturbations which source
only E modes at linear order. Moreover, they can be directly linked to the energy scale of inflation. The
observation of primary B-modes may represent the first detection ever of a (semiclassically-calculated)
quantum gravity phenomenon since, at least in the standard scenario, they are generated by a quantum eﬀect in vacuum, i.e., the perturbations are directly coupled to quantum fluctuations of gravity.
Unfortunately the amplitude of the tensor mode is not convincingly predicted by theory: most of the
inflationary models allow for a large range of tensor modes amplitude and consequently tensor-to-scalar
ratio, r (which is the parameter commonly used to provide constraints on primary B-modes). The observational diﬃculties are related to the exquisite control of systematic eﬀects (both of astrophysical and
instrumental origin) needed and to the capability to disentangle primary B-modes from astrophysical
polarization (i.e., foregrounds) and B-modes created by gravitational lensing from E-modes. Moreover,
one has to check/control other new physics which might be able to produce B-modes: an example of
the latter is cosmological birefringence, predicted by several extensions of standard electromagnetism
involving parity violation. Many of these physical processes are probed by the various power spectra of
the CMB temperature and polarization, as well as that of the lensing potential that distorts the paths
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of CMB photons; see Figure 1.4 for the current status of CMB observations. Statistics beyond the
two-point correlation function of CMB anisotropies probe Non-Gaussian features which can provide
further insights into the physics of inflation, and in particular of interactions of the quantum fields
present during the inflationary epoch.
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Key Facilities
The large ground-based observatories are mostly US-lead and include Simons Observatory
(Simons foundation) and South Pole Telescope which will further evolve to CMB-S4
(DoE/NSF). They are paving the way to CMB high sensitivity polarization measurements.
Complementarity with a space mission such as LiteBIRD (JAXA+NASA+Europe) is essential
to reach the next steps in CMB science in the next decade. With the LiteBIRD mission, selected
by JAXA, Europe has a unique opportunity to consolidate its major role in the next generation
of CMB space experiments capitalizing on its successful leadership role in Planck. Together with
involvement on US-lead experiments, European CMB ground-based (e.g. QUBIC, QUIJOTE,
LSPE-strip) and balloon-borne experiments (e.g. LSPE-swipe, BISOU) are necessary and
should be thought as pathfinder for larger facilities.

1.3.3

Spectral Distortions of the Cosmic Microwave Background Radiation

In addition to the CMB anisotropies, the absolute CMB frequency spectrum is another key observable
to probe the cosmological model. Since the measurements with COBE/FIRAS in 1992, the CMB
spectrum is known to be extremely close to a perfect blackbody, with deviations in intensity I (proportional to temperature for a blackbody) limited to ∆I/I ∼ 10−5 . However, several standard and
non-standard processes can lead to departures from a Planck spectrum. These so-called spectral distortions encode information about the thermal history of the Universe from the early stages until
today. Spectral distortions from the primordial Universe, in particular to the chemical potential, µ,
arise from cosmological recombination lines at z ∼ 103 or energy injection caused by Silk damping of
primordial perturbations. In addition to these expected “standard” signals, other distortions may arise
from exotic processes related to the nature of dark matter and other components (dark matter annihilation and decay, primordial black holes, axions and dark matter interactions with standard particle).
Furthermore, some inflationary models may be only distinguishable through their eﬀects at ultra-small
scales only constrainable by CMB spectral distortions (Fig. 1.5). After decoupling at z ∼ 103 , matter
perturbations grew and evolved to form the first stars that eventually reionised the Universe. Galaxies
assembled in clusters and filaments, and formed the cosmic web of LSS. CMB photon interactions
with ionised gas during reionisation and in the LSS through inverse Compton scattering (also known
as the thermal Sunyaev-Zel’dovich, tSZ, eﬀect) generate a y-type distortion of order 10−6 . Measuring
the y distortion will help in diﬀerentiating between reionisation scenarios, in measuring the absolute
intensity of the extragalactic background radiation produced by dusty galaxies (the Cosmic Infrared
Background, CIB), in providing intensity maps of the far-IR lines (such as [CII] and CO) of high-z
galaxies, and finally in revealing the hot gas content and hidden baryons in the cosmic web, providing
new constraints on galaxy cluster evolution and feedback processes. A significant improvement to the
limits on µ would allows us to rule out many particle physics and inflation models and to understand
the structure formation model. In the next decade or two, future space missions including a Fourier
Transform Spectrometer, covering frequencies from 30 GHz to 2-3 THz, should provide the most stringent limits on y and µ distortions, improving those obtained with COBE/FIRAS by several orders of
magnitude.
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Figure 1.5: Science thresholds and mission concepts of increasing sensitivity for spectral distortions.
Guaranteed sources of distortions and their expected signal levels are shown in yellow, while nonstandard processes with possible signal levels are presented in turquoise. Spectral distortions could
open a new window to the prerecombination Universe with a vast discovery space to new physics that is
accessible on the path towards a detection and characterisation of the µ-distortion from the dissipation
of small-scale acoustic modes set by inflation and the cosmological recombination radiation. Credit:
Voyage 2050 white paper from J. Chluba.
Key Facilities
Complementary to CMB spatial fluctuations, several space missions such as PIXIE (NASA)
and PRISTINE (ESA) were proposed to measure spectral distortions orders of magnitude
smaller than COBE/FIRAS. The planned PIXIE instrument can engage European scientists
in contributing to probe the spectral distortions. However, the full role of the European
community in this area will be made real in the horizon 2035-2050 when instrumental concepts will be proposed for precise spectroscopic observations of the microwave sky, now part of the ESA’s Voyage 2050 themes considered for ESA L-class
missions.
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1.3.4

Large-Scale Structure

The importance of understanding the nature of Dark Energy (DE) has triggered the development
of numerous large ground-based, photometric and/or spectroscopic galaxy surveys. These large-scale
surveys simultaneously oﬀer the unique possibility of probing the cosmological framework and the dark
sector. They also enable the exploration of the matter distribution from the smallest (Mpc) to the
largest (hundreds of Mpc) scales, hence probing the formation and evolution of the large scale structure
as it is modulated by non-gravitational physics.
• Galaxy Clustering: Galaxy surveys allow us to construct large galaxy catalogues of unprecedentedly high quality with measured (spectroscopic or photometric) redshifts, providing a threedimensional view of our Universe.
Probing and understanding the physical nature of dark energy will be achieved by measuring
its eﬀects on both the geometry/expansion of the Universe together with its dynamics. The
imprints of these eﬀects are thus observed through various LSS-based cosmological probes, all
constructed from the precise characterisation of the spatial distribution of galaxies, i.e., luminous
and biased tracers of dark matter. Galaxy clustering probes the fluctuations of the underlying
dark matter density and velocity fields from the 3D positions of galaxies. It can be used to test the
cosmological model in many ways: through geometrical probes consisting of the standard ruler,
namely the BAO , and the Alcock-Paczynski eﬀect; through dynamical probes, namely the growth
factor from redshift-space distortions (RSD); and finally from the model-dependent cosmological
information encoded in the full shape of the power spectrum, which, in addition to dark energy
is also particularly sensitive to the neutrino mass through its eﬀect on the growth of structure
at small scales. The power spectrum can be accessed from the galaxy spatial distribution by
computing the 2-point correlation function in real or harmonic space, the lowest-order statistics
which couples diﬀerent spatial regions. In this case, the data-model comparison probes the
cosmological parameters but depends on physically relevant systematic eﬀects such as the galaxy
bias, describing how galaxies trace the dark matter field. Among the main large-scale galaxy
surveys which have been able to greatly exploit the aforementioned probes there are WiggleZ,
SDSS, BOSS, eBOSS and the currently operating DESI. On the theoretical side, characterising
the non-linear evolution of the LSS is another key challenge requiring specific theoretical and
methodological developments, as it directly induces mode coupling and scale-dependent bias
on small scales (and even on very large scales in the presence of primordial non-Gaussianity).
In this respect, given the non-Gaussian nature of the galaxy distribution, the measurement of
higher order statistics, such as the bispectrum or three-point correlation function, provides crucial
additional constraints on the model.
• Intergalactic Medium: Another important and established probe of the cosmological large
scale structure and its formation process is the intergalactic medium (IGM), the diﬀuse matter
between galaxies and the principal repository of the baryons produced at the Big Bang epoch.
Its most prominent manifestation is the Lyman-alpha forest, the pattern of absorption (scattering) features in the spectra of Quasi Stellar Objects (QSO) produced by the intervening neutral
hydrogen along the line-of-sight. Its use as a cosmological and astrophysical probe has developed
impressively in the last two decades thanks to the progress made along multiple lines. Firstly,
high-resolution spectroscopic surveys (Keck/HIRES, UVES/VLT, etc) deliver high quality data,
producing rapidly growing databases. Secondly, cosmological structure formation codes implement increasing amounts of the relevant physical processes. Finally, more recently, the gain in
statistical power achieved by low and medium resolution spectroscopic surveys (BOSS, eBOSS,
DESI) has grown enormously, now permitting detailed probing of the cosmic web in 3D. These
eﬀorts are making possible the measurement of cosmic structures in an untested regime both
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in scales, from below the Mpc scale up to the BAO scales, and redshifts z = [2 − 6], which are
highly complementary to other cosmological probes. Moreover, BAO oscillations in the 3D flux
correlation function have been used to measure the geometrical state of our Universe and provide
tight constraints on new physics beyond the standard model. The 1D flux power oﬀers among
the tightest constraints on the cold dark matter coldness and other dark matter scenarios like
warm dark matter, fuzzy/scalar dark matter and sterile neutrinos.
• Weak Lensing: Weak gravitational lensing describes the small deflections of photons by metric
perturbations along their line of sight from their sources. It provides a direct and unbiased
measurement of the total mass distribution. However, galaxy gravitational lensing requires high
quality images since it is observed through the distortions of the galaxy shapes that correlate
the ellipticities of pairs of galaxies, called the cosmic shear. Cosmic shear measurements as
a function of source redshift can probe the impact of dark energy on the growth of structure
and test gravitational explanations of cosmic acceleration. The control of systematic eﬀects is
one of the key challenges for this type of measurement. These eﬀects include both the optical
properties of galaxy images, as well as the measurement of their distribution along the line of
sight from broad-band photometry. Cosmic shear is sensitive to the total amount of matter in
the Universe, and to the amplitude and rate of growth of its fluctuations. It depends diﬀerently
on the details of galaxy evolution than direct measurements of galaxy clustering and formation,
especially through the presence of any systematic intrinsic alignments between galaxy images;
as such it is a powerful and largely independent probe of the cosmological model, including
the nature of dark matter and the underlying theory of gravity responsible for the clustering
of matter. CFHTLenS, KiDS and DES are among the largest deep-imaging surveys exploiting
galaxy weak lensing as a cosmological probe.
• Galaxy Clusters: In addition to the aforementioned LSS-based probes, the use of clusters
of galaxies as a cosmological probes has a long history, dating back to the discovery of dark
matter in Coma in the 1930s, and remains an important complementary probe. Optical and
X-rays surveys, such as SDSS, DES or ROSAT All Sky Survey, are the traditional ways by which
clusters have been detected and studied. The recent and ongoing mm and submm CMB surveys
(ACT, SPT, Planck) are now releasing catalogues of hundreds of new groups and clusters of
galaxies up to redshifts z ∼ 2 detected via the tSZ eﬀect. Clusters of galaxies trace the most
massive halos lying in the nodes of the cosmic web, and are hence sensitive to the underlying
cosmological model. Cluster number counts and spatial clustering (estimated via correlation
functions or power spectra), mass fraction of hot intra-cluster gas, distances from joint X-ray
and tSZ observations, tSZ power spectra, cluster bulk flows and kinetic SZ eﬀect, etc., are among
the many cosmological probes associated with clusters of galaxies. Although these probes have an
obvious important potential, they pose specific problems. Clusters are highly non-linear objects,
whose properties need to be validated by extensive numerical simulations and by detailed studies
with facilities such as XMM-Newton or IRAM/NIKA2. Indeed, their use as cosmological probes
relies on understanding systematic eﬀects associated with the translation of observable quantities
such as the X-ray luminosity, the richness or the tSZ “flux” into total mass. The recent and near
future surveys in the optical and near-IR (e.g. Euclid), mm and sub-mm (e.g. CMB experiments),
radio (e.g. LOFAR, SKA) and X-rays (e.g. SRG/eROSITA) will provide us with unprecedentedly
large catalogues of clusters ranging from poor groups to massive clusters. These data will prove
crucial to complete and confirm the cosmological constraints on the constituents of the Universe
that will be drawn from cosmic shear and galaxy clustering.
• Additional probes: A variety of complementary and novel probes stemming from observations
of the cosmic web structure are proposed to further pin down the dark energy nature. This
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Figure 1.6: Summary of major redshift surveys that are dedicated to the studies of large scale structure.
The pink symbols are for European projects. Credit: figure adapted from ArXiv:1907.11171
emerging class of observables is gaining more and more interest and attention. Among the most
popular new cosmic-web related probes are cosmic voids, filling the space between the sheets and
filaments of matter. They can be used to probe cosmology through their counts, their correlations
with CMB (via the integrated Sachs-Wolfe eﬀect), weak lensing or galaxy distribution, their
impact on the CMB deflection field, etc., to set constraints on the equation of state of dark
energy and the neutrino mass. Furthermore, and in addition to the static distribution of mass
and galaxies, the galaxy velocity field has long been proposed to constrain the growth rate of
structure and hence the underlying cosmological model. This can be achieved by the direct
measurement of velocity correlation functions/power spectra; pair-wise velocity statistics (which
implicitly probe the correlation of density and velocity); or from the kinetic SZ eﬀect.
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Figure 1.7: Evolution of the 21-cm power spectrum of for WDM with (a) mX = 2 keV and (b)
mX = 4 keV. The top panels show power spectra at k = 0.08, 0.18 Mpc1 for WDM (dashed) and
the CDM model (solid). CDM models are chosen to reproduce the global 21-cm signal found for the
respective WDM model. The bottom panels show the diﬀerence in the power spectrum between WDM
and CDM models. Dotted curves show forecasts for the 1σ power spectrum thermal noise with 2000h
of observation time. The dotted green, blue, and red curves are the forecasts for the MWA, SKA, and
HERA, respectively. Credit: Figure from Sitwell et al. (2013; MNRAS 438, 2664).
Key Facilities
Future wide-field optical/IR imaging telescopes expected to have major impact in the field are
Euclid, the Nancy Roman Space Telescope (RST, formerly WFIRST; NASA), and the
Vera C. Rubin Observatory (Vera Rubin Observatory, formerly called LSST). By the end
of the decade this will be complemented by radio observations with the the SKA. Surveys in
the mm and sub-mm such as Simons Observatory. Ground-based wide-field spectroscopic survey telescope/instruments such as DESI, and Subaru-PFS, with a carefully designed survey
strategy, will also play a major role in the coming decade. In the more distant future, new
ideas have been put forwards for ambitious multi-spectroscopic ground facilities like MSE and
MegaMapper, as well as space facilities like ATLAS and projects reviewed within Voyage
2050.

1.3.5

Hydrogen 21-cm Signal

Whereas the Epoch of Reionization and Cosmic Dawn can be observed at frequencies above ∼ 50 MHz
with ground-based radio-telescope such as LOFAR, NenuFAR, MWA, the uGMRT, HERA and the
upcoming SKA, which will carry out the deepest observations ever undertaken of the diﬀuse neutral
hydrogen gas in the 6 < z < 30 range, the 21-cm signal from the Dark Ages is redshifted to frequencies
that approach the ionospheric cut-oﬀ at 10 MHz, making it very hard if not impossible to observe
from Earth. Further, human-made RFI signals contaminate the signal, excluding a large part of the
observations domain in time and frequency. These diﬃculties motivate many space-based 21-cm signal
missions, in particular, focusing on the lunar orbit and farside. The 21-cm signal from the Dark Ages
can be divided into two statistics, the globally averaged signal and the power spectrum. Both are
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extremely hard to measure due to foreground signals that are 5–6 orders of magnitude brighter. The
global 21-cm signal, however, needs only a single well-designed receiver ([short] dipole or monopole) to
measure, although integration times of about a year are required to reach enough signal-to-noise for
detection at z ∼ 40. To determine the 21-cm signal power spectrum, phase-arrays are needed with collecting areas of several to several tens of square kilometres. Although daunting, with new light-weight
technologies, this could be feasible in space and on the lunar surface.
Key Facilities
Whereas first-generation instrument such as LOFAR, MWA and the GMRT, and their upgrades to second-generation instruments (LOFAR2.0, MWA2, uGMRT), play key roles in
21-cm Cosmology, the next-generation SKA and HERA are being designed or constructed
already. Besides these next-generation instrument, a range of gobal signal instrument are being
considered, such as the European initiatives REACH (ground-based) and NCLE (lunar L2),
and ideas are being developed for lunar-based radio astronomy by ESA, NASA and CAS. Strong
investment by Europe in both the SKA and space-based radio astronomy, as well as in smaller
global 21-cm instruments, allow it to retain leadership in the field of 21-cm Cosmology.

1.3.6

Intensity Mapping

In many cases direct detection through imaging or spectroscopy of sources (e.g., via the high-redshift
21-cm line, FIR/X-ray, atomic [e.g., Ly-α, H-α, H-β, CII/III, NII], and molecular [e.g., CO] line emitters) is not feasible due to a (combined) lack of instrument sensitivity and/or resolution. In these
contexts, intensity mapping (IM) — where many sources within a resolution element of the instrument
— can still yield information about these sources averaged over much larger volumes. It also allows for
cross-correlations between various observational probes, in particular if redshift information is available
in the case of line emission. One of the most intriguing cases is that of the cosmic infrared background,
which has been coupled to, e.g., the formation of the first and second generation of stars. Similarly,
at redshifts well within the Epoch of Reionization and beyond, the X-ray background places limits on
high-redshift stellar remnants (e.g., HMXRBs and QSOs), and intensity mapping of molecular lines
and atomic-line emitters are being considered an excellent complementary probe of sources of reionization, anti-correlating with the redshifted 21-cm line of neutral hydrogen. At lower redshifts, the
intensity mapping of the [CII] line with APEX/CONCERTO can probe galaxies in the range z¿5.3.
Intensity mapping of the redshifted 21-cm line can also be used to probe BAO over extremely large
volumes. Most recently, around redshift one, significant correlations between 21-cm IM and the distribution of massive galaxies have been found. In the next future, SKA Phase 1 will survey a total
area of ∼ 20000 deg2 from z = 0 to 3 over 1-2 years, with a sensitivity to the first BAO acoustic peak
comparable to future nearly full sky galaxy surveys. The technique of IM is becoming increasingly
more important especially since it sometimes is the only way to detect a signal. Intensity mapping,
however, requires very large volumes both spatially and in redshift to reduces sample variance and
yield suﬃcient signal to noise, driving the developing of many new instruments.
Key Facilities
Planned major facilities in this field are HIRAX, SphereX, CCAT, BINGO, most with
European involvement. In addition to the intensity mapping of atomic and molecular
line emitter by APEX/CONCERTO, only intensity mapping of the 21-cm signal up to
z ∼ 3 with the SKA-MID and low is currently foreseen.
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1.3.7

Cross-correlations between various probes

The use of combinations of diﬀerent probes has already led to tight constraints on the cosmological
model. For instance, up to date constraints on dark energy are obtained by combining CMB data from
Planck, the type Ia Hubble diagram of supernovae, and large-scale structure data from BAO. This is
due to the fact that diﬀerent probes usually constrain diﬀerent combination of parameters, and are
aﬀected by diﬀerent systematic eﬀects, and hence the joint constraint can therefore be much stronger
than any single one. Further, when two samples of data (corresponding to two distinct probes) overlap
on the sky this can provide an additional data vector through the cross correlation of the two data
sets. This new data vector can thereby provide qualitatively and quantitatively new information. This
is well-illustrated by the historical fact that the cross-correlation between CMB temperature maps and
galaxy catalogues can reveal the accelerated expansion, being able to isolate the Integrated Sachs-Wolfe
eﬀect. In addition, on the one side, the cross-correlation between galaxy clustering and CMB lensing
helps to improve the constraints on the dark energy equation of state and the structure growth rate.
On the other side, the cross-correlation between galaxy weak lensing and CMB lensing is a powerful
tool to probe matter fluctuations at intermediate redshifts and to fix residual systematics. This power
of cross correlations is a key ingredient of modern major surveys designed for constraining Dark Energy: the 3 × 2-point statistics, comprising the shear-shear correlation, the galaxy-galaxy correlation
and the galaxy-shear correlation oﬀer an ultimate survey performance much higher that what would
be obtained from the simple combination of the individual probes (i.e., the simple product of the
likelihoods from shear-shear and photometric galaxy-galaxy correlations). Furthermore, in the case of
upcoming surveys such as the Vera C. Rubin Observatory and Euclid, such cross-correlations will be
much more powerful and constraining. Since these galaxy surveys will provide mostly full-sky weak
lensing maps, it will be possible to take into account the cross-correlation of weak-lensing and photometric galaxy catalogues with spectroscopic surveys. In particular, the spectroscopic and photometric
galaxy distributions observed by Euclid will share the same sky area above redshifts z ∼ 1. This will
extend the current 3 × 2-point statistic to include the spectroscopic galaxy-shear correlation and the
spectro-photo galaxy correlation, the latter presently used only for photometric redshift calibration.
Including these cross-correlations in the data vector for likelihood analyses and cosmological parameter
inference is the challenge to guarantee the full and accurate exploitation of forthcoming full-sky galaxy
surveys. In addition, the “multi-tracers” technique will allow the removal of the dominant source of
noise in some analyses. In this respect, it is worth stressing the importance of cross-correlating optical and radio galaxy surveys, such as Euclid and SKA. In fact, due to large signal contamination by
foregrounds, up to now the detection of the HI intensity mapping power spectrum has happened only
in cross-correlation with galaxy surveys. It has been shown that the cross-correlation of a Euclid-like
spectroscopic survey with SKA HI intensity mapping may allow us to recover the BAO imprint in the
full power spectrum, which otherwise, taken individually, is smeared out by the beam size of the radio
survey. Such cross-correlations will also help in mitigating systematic eﬀects such as miscalibration and
intrinsic alignments, and to improve constraints on relativistic eﬀects and primordial non-Gaussianity,
which may aﬀect very large scale clustering. Finally, a particular mention should be given to the
advent of the so-called multimessenger cosmology. This does not refer only to the combination of
measurements of the gravitational-wave luminosity distance, dGW
L , with those obtained from CMB
and galaxy survey data, to better constrain cosmological parameters, as e.g., H0 and the dark energy
equation of state (see Figure 1.8). Rather, especially for gravitational-wave observatories extending up
to very high redshift, the expression “multimessenger cosmology” refers to the possibility of detecting
and measuring the cross-correlation of dGW
and gravitational-wave stochastic backgrounds (modified
L
by structures intervening between emission and observation) with galaxy clustering, galaxy shear, and
CMB data. This will provide information of astrophysical and cosmological origin, e.g., about the
physics of the early Universe, modifications of gravity, the nature of dark matter, and the evolution of
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Figure 1.8: Hubble constant posterior distribution for GW190814 obtained by marginalizing over ∼
1, 800 possible host galaxies from the Dark Energy Survey (DES) (light blue line). The dark blue curve
represents the posterior obtained by the combination of GW190814 and GW170814 using DES galaxies.
−1 Mpc−1 using
The maximum a posteriori and its 68% CI for the combined result is H0 = 78+57
−13 km s
a flat prior in the range [20, 140] km s−1 Mpc−1 . A combination of the two dark sirens, GW190814 and
−1 Mpc−1 . The addition of
GW170814 with GW170817 is shown in red and gives H0 = 72.0+12
−8.2 km s
the dark sirens provides a ∼ 18% improvement to the 68% CI from GW170817 alone. The maximum a
posteriori is represented by the solid vertical line. The 68% CI of all PDFs is shown by the dashed lines.
Constraints from Planck and ShoES at 1σ are shown in purple boxes. Credit: figure from Palmese et
al., ApJL, Vol 900, Issue 2, id.L33, 11 pp.
dark energy.
Key Facilities
Cross-correlation between probes generally requires wide field surveys. Euclid and the SKA
are prime examples of European-driven instruments that will have a long-lasting legacy value of
their data products, similar to the success of the SDSS or Planck, and allow cross-correlations
with many other probes such as the SRG/eROSITA X-ray survey, or lead to follow-up
observations, e.g., with ALMA. We also think that Europe should strengthen its position, where
possible, in other eﬀorts with the Vera Rubin Observatory, Roman Space Telescope, and
James Webb Space Telescope, which will cover time-domain science, medium deep wide-field
imaging, and ultra-deep optical/infrared imaging and spectroscopy.
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1.4

General considerations on future facilities

To address the questions posed in Section 1.2 with the probes discussed in Section 1.3, a wide range of
facilities are being rolled out or planned, some already having been discussed for decades and part of
e.g., the ERSFRI roadmap, and others only recently proposed in decadal reviews (e.g., the US decadal
plan, ESA’s Voyage 2050, and other national strategic plans). Among them, within Europe, are a
number of instruments regarded of key importance to cosmology and will be discussed below.

1.4.1

Ground-based

Major ground-based facilities with European leadership in radio astronomy include the Square Kilometre Array, in optical and infrared astronomy the European Extremely Large Telescope
(E-ELT), and in astro-particle physics the Cherenkov Telescope Array (CTA). A concerted eﬀort
is now also unfolding in the direction of gravitational waves, focusing on the continued operation and
upgrading of the Advanced Virgo detector, and the development and building of the next generation infrastructure, the Einstein Telescope. In ground-based CMB observations, however, initiatives
are currently limited in Europe and much of the initiative centres on the US with e.g. the Simons
Observatory and the CMB-S4 initiative. Similarly, whereas Europe can play a leading role in 21-cm
cosmology with the upcoming SKA, it does not lead in low/medium-redshift ground-based Intensity
Mapping arrays. The mapping of matter distribution on large scale through wide deep imaging and
spectroscopic ground-based dedicated facilities remains US-lead, like the MegaMapper, despite the
interest of European community for such facilities. In time-domain cosmology, Europe has an opportunity with the transient science in the radio domain with the SKA to complement the US-lead Vera
Rubin Observatory.

1.4.2

Space-based

Major space-based facilities with European leadership in the coming decade are undoubtedly SRG/eRosita, Euclid and Athena that will observe the optical/infrared and X-ray Universe. Besides
these telescopes, the recent deselection of SPICA is a major blow to space-based infrared astronomy
with European leadership. In the field of cosmology, many upcoming initiatives, such as the James
Webb Space Telescope and Roman Space Telescope have only a limited European contribution.
However, with a strong European tradition in radio astronomy, new initiatives of space-based lowfrequency radio astronomy are being put forward in Europe, but also in the the US, China and India,
with particular focus on the moon. For CMB studies, Europe is a major partner of the JAXA project
LiteBIRD for the first detection of primordial gravitational waves. The future generation of CMB
satellite will also target CMB spectral distortions (considered as one of the three themes for L-class
mission in ESA’s Voyage 2050). With LISA, Europe is clearly in a leading position for space-based
gravitational wave science, complementing its drive to upgrade and develop new ground-based facilities.

1.4.3

Lunar-based

A new frontier being explored currently is to place facilities on or around the moon, where particular
focus is being put on low-frequency radio astronomy. With NCLE in Lunar L2, as part of the Chang’e 4
mission, a pilot program is already in place. However, some other facilities (e.g., astro-particle physics
and gravitational wave detection) could also benefit from a lunar environment without atmosphere and
ionosphere and very low seismic noise. With ESA announcing a lunar observatory with low-frequency
radio astronomy as one of its prime missions in the coming decade, on its European Large Logistic
Lander, and the US and China both aiming to put (radio) facilities on the moon, this new frontier is
not one that Europe can aﬀord loosing out on.
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1.4.4

Maintaining, improving and strengthening advanced instruments

Besides new facilities (sometimes dedicated experiments with a single purpose), continuous operation
and upgrading of existing facilities should occur. Prime examples are the operation of XMM-Newton
by ESA and member states and continuous upgrades by ESO of its VLT (and in the future ELT)
instruments. Similarly, upgrades of the LIGO and Virgo detectors are underway. New technologies
are being developed to achieve a ten-fold increase in sensitivity for the Einstein Telescope and Cosmic
Explorer, which are expected to be operative in the 2030s. SKA phase 2 can further increase the
sensitivity and improve the spatial resolution of the SKA. New bands are continuously added to
ALMA, where phase-array front-ends could enable a huge increase in survey speed. Besides these, we
emphasize that smaller facilities (e.g., ING) play an important role in laying the ground work for these
massive facilities coming online in the future. To ensure feeding them with targets, small/medium-sized
facilities remain essential.

1.5

Data Science

Data from ground-based and space-borne facilities are becoming increasingly more complex and more
extensive in volume owing to the increasing sensitivity of the detectors and of the observed sky area.
The specific data used to answer the fundamental cosmological questions about the origin and evolution of the Universe will be of very diﬀerent types: images, catalogues of millions of galaxies; 2-D
averaged pixels in “tomographic” slices, 3-D voxels, etc. Even the science-ready end products are often
too large and too complex to inspect and analyse through human interaction. This situation has motivated intense interdisciplinary research and even dedicated institutes focused on applied mathematics,
statistics, machine learning, or more generally data science in the field of cosmology and astronomy.
The objectives are here to develop novel algorithms and methods designed to handle, explore, analyse and combine the expected complex datasets. The broad idea of machine learning is therefore
gaining immense momentum in the cosmological community. It includes both supervised and unsupervised methods targeting the search for rare targets, pattern recognition, classification, etc. Beyond
its standard usage for data mining and component separation/classification, sophisticated approaches
have been proposed to accelerate or even replace numerical simulations, to explore the likelihoods of
models, and to even propose alternatives to theoretical models for the growth of structure!

1.6

Conclusions and General Notions

Whereas large-scale facilities by their very nature draw most attention, a careful balance between
small, medium, large-scale instruments should be found, in a “wedding cake” approach where smaller
and medium size instrument either lay the foundations for follow-up with larger facilities, or vice versa
follow-up with the smaller instruments is done. Also complementary between space and ground facilities is important. We believe that European leadership and “independence” is crucial, although
collaboration with other countries is seen as important and sometimes crucial. With Planck and Euclid, European research in cosmology has been put at the forefront of space based research. It is worth
noticing that no similar ground based eﬀorts have been performed (or foreseen) at the European level,
either in the CMB or wide field spectro-imagery, over the last twenty years, a period over which the
USA has consolidated the leadership in these areas. Besides building the next generation instruments
themselves, it is crucial that such devices are connected to high-performance (but preferably green)
computing facilities that operate state of the art data processing and analysis tools. This must come
together. In addition structuring and training the communities beyond individual projects, through
instrument like Opticon or RadioNET should be promotted. In conclusion:
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Key Notions
• Cosmology and fundamental physics are expected to blend further in the future.
• Research fields in cosmology expected to grow rapidly are those related to gravitationalwave and 21-cm cosmology, each opening an entire new window on the Universe in the
coming decades.
• Similarly, polarisation and spectral distortions of the CMB are new frontiers.
• Finally, the cross-correlation and combination of cosmological data-sets and wavelengths
appear as an increasingly powerful probe of the cosmological model.
• Key future facilities with large European leadership roles in the field of cosmology are
Euclid (ESA), Athena (ESA), SKA, the Advanced Virgo, LISA, and LiteBIRD (JAXAlead with a large European involvement).
• Other facilities in which Europe is a partner, or should consider partnering with, are
the James Webb Space Telescope, the Roman Space Telescope, the Simons Observatory,
CMB-S4, and the Vera Rubin Observatory, the MegaMapper.
• Investing in small/medium-size facilities and new instruments on existing platforms (e.g.,
WEAVE, 4MOST) should be thought as pathfinder for ambitious wide field facilities like
MSE.
• Noticeable large scale and longer term initiatives at the European level are developed
to cover in the domains of gravitational waves (Einstein telescope), CMB (super-PIXIE,
PRISTINE or PICO-like missions combining a spectrometer and an imager), Xrays and
IR astronomy.
• New instrumentation should be accompanied by investments in data processing, analysis
and data-science to maximize the scientific return as soon as the facilities go online.
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