Overview of the cosmological model

Summary



Physical Cosmology: a physical model for the Universe

Gravity (General Relativity)
Tested on various scales
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+ Cosmological principle

- metric is Robertson-Walker, spherically symmetric with two degrees of
freedom: a(t), K = and two related cosmological parameters: H,, Qx

+ Olbers paradox

- a(t) must vary




+ Observations of the recession of galaxies

- Expansion Big Bang
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+ Observation of anisotropies in the CMB

- Existence of perturbations to the
cosmological principle

—> Problem of the origin of the
perturbations

Solved by the mechanism of quantum fluctuations + inflation +
+ gravitational collapse
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+ Measurement of the anisotropies in the CMB

Their amplitude is very small 6; ~10° - very small clustering at z=1100 (5,
~10-9)

+ Gravitational collapse is small (5, grows only a factor ~103 until z=0)

+ There are structures with large density contrast & (large clustering at z=0)

- Problem of the mechanism of structure formation

Solved by the hypothesis of the existence of an extra
component in the cosmological fluid - Dark matter > CDM model
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+ Non-linear gravitational collapse

- Formation of dark matter halos and collapse of baryonic matter on those
halos (neutral Hydrogen HI clouds that condense and form the first stars)

- New radiation ionizes the HI clouds, forming inonized Hydrogen
regions HIl - the reionization of the Universe




+ Galaxy formation

—> The gravitational collapse does not describe all aspects of structure
formation. Non-gravitational effects associated to the baryonic matter start
to be important at this stage:

Cooling - the has gas to cool-down to condense,
losing pressure falls into the center of the
halo where it can form stars. Angular
momentum conservation during the fall
produces a disk - spiral galaxies

Feedback - the quantity of cold gas available
decreases by influence of the environment

Mergers - frequent interactions between halos may
form elliptical galaxies from primitive spiral galaxies.




+ Observations of properties of small-scale structure (kpc)
- Problem of the radial density profile of structures (cusp/core)
- Problem of lack of structures (satellite galaxies)

—> Problem of the satellite orbital plane

Not yet solved - hypothesis of existence of other types of dark
matter (Warm Dark Matter, Interacting DM), interacting

DM/baryons in dense environments (Baryon feedback), hypothesis of
modifications to GR on ‘small scales’ (MOND)

A quantitative comparison of # satellites at r < 400 kpc
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+ Measurements of distances to Supernovas

SN at all redshifts are fainter (more distant?) than expected from the d, (z) predicted
by the CDM cosmological model

- The Universe changed from a decelerated expansion to an accelerated one

Solved by assuming the existence of an extra component
in the cosmological fluid - Dark energy - ACDM model

- The theory of gravitation on large scales is not GR

New “modified gravity” theory not found yet
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In Summary: General Relativity + Big Bang + Inflation + Gravitational clustering +
cosmological fluid that includes dark matter of the type cold and dark energy of the
type cosmological constant.

This physical model has been the standard model of the Universe since the
beginning of the XXIst century and it is known as ACDM.




NACDM is a complex model
It is a theoretical construction supported by observations.

It includes a variety of physical processes that occur in a variety of epochs, in a
variety of scales and contains a large number of free parameters.

The values of the cosmological parameters determine the details of the

expansion of the Universe and the evolution and formation of its large-scale
structures - they determine the "cosmology”.

Dark Matter Dark Matter

Dark Energy

Before Planck After Planck
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Distance from Earth Center (kilometers)

Map of the observed Universe - logarithmic scale and showing the
astrophysical objects in their actual coordinates

(Gott et al. 2005) http://www.astro.princeton.edu/universe/
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Distance from Earth {AU)
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Distance from Earth (AU)
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Distance from Earth (parsecs)
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Distance from Earth (kiloparsecs)
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Distance from Earth {Megaparsecs)
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Artistic image of Gott’s map (P. Budassi 2015)



Movie of the observed Universe

(the Rubin Museum of Art and the American Museum of Natural History)
https://www.youtube.com/watch?v=17jymDn0W6U

The Known Universe

How are these data obtained
and
how are they used to find the parameter values?



Observatories (ground and *space) and Surve
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Cosmological probes: extracting cosmological information from the data

- Weak Lensing

Galaxies randomly
distributed

Slight alignment
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- Galaxy Clustering
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- Supernovas

{as seen from
Hubble Space
Telescope)
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- Cosmic Microwave Background

Magnetic field lines traced Polarised dust emission
by synchrotron radiation at 30 GHz

Galaxy clusters detected by Magnetic hield lines traced Polarised synchrotron emission
the Sunyaev-Zeldovich effect by dust emission at 353 GHz
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217 GHz

353 GHz 545 GHz 857 GHz

(Cosmological signal in each channel)



Temperature and
polarization maps:

combining 9 frequencies,
removing foregrounds,
reconstructing the galaxy
plane
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- Clusters of galaxies
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and many other cosmological probes:

- Lyman alpha (probes the intergalactic medium)

- 21 cm maps (probes neutral hydrogen)

- Redshift drift (direct measurement of the expansion)

- Time-delays from double images (probes the geometry of space)



In the near future: new cosmological observations already planned in the
European and American programs will obtain maps of the extra-galactic sky on
different bands, at different redshifts, using telescopes of different apertures and
field-of-views.

American programs: ASro 2020 -~ - ;

Decadal Survey on Astronomy and Astrophysics LA

National Research Council Decadal Survey 2020

- Vera C. Rubin observatory (2022): imaging
(previously named LSST “Large Synoptic Survey Telescope”)

- Nancy Grace Roman space telescope (2025): space
(previously named WFIRST “Wide-Field Infra-Red Survey Telescope”)

Department of Energy / National Science Foundation

- DESI “Dark Energy Spectroscopic Instrument” (2020): spectroscopic

Explorers Program (NASA)

- SPHEREX “Spectro-Photometer for the History of the Universe, Epoch of
Reionization, and Ices Explorer” (2023): space



European program: Cosmic Vision (ESA)

Cosmic Vision
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Mapping the geometry of the dark universe
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The annual meetings of the Euclid Consortium provide the opportunity to
bring together the consortium 1000-plus members and ESA and aerospace
industry partners for an update on the mission science, instruments, ground
segment, surveys, payload and spacecraft activities
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8 space missions
2020 - M1 - Solar Orbiter

2022 - M2 - Euclid ( PT: Anténio da Silva, Ismael Tereno)

2022 - L1 - JUICE “JUpiter Icy moons Explorer”

2026 - M3 - PLATO “PLAnetary Transits and Oscillations of
stars” (PT: Nuno Santos)

2028 - M4 - ARIEL “Atmospheric Remote-sensing Exoplanet
Large-survey” (PT: Pedro Machado)

2031 - L2 - ATHENA “Advanced Telescope for High-ENergy
Astrophysics”

2032 - M5 - TBD among EnVision, THESEUS “Transient

High Energy Sky and Early Universe Surveyor”, SPICA
“SPace Infrared telescope for Cosmology and Astrophysics ”

2034 - L3 - LISA “Laser Interferometer Space Antenna“



Nowadays there is much interaction between theory and observations.

Modern research in cosmology deals with:

- Testing cosmological models

Compute theoretical predictions of ACDM or alternative models for various
observables

Find an explanation for the tensions that exist between various
observations (such as different values of H, when obtained from local
measurements or from CMB observations; different value of a8 from CMB and LSS
measurements). Does it come from experimental systematic effects of is it an
evidence for the need for a new model (or new physics) ?

Determine the values of the cosmological parameters with increasing
precision and accuracy

Reference value
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- Make theoretical improvements to ACDM
Build new models of dark energy

Characterize the relation between dark and baryonic matter, introducing
more baryonic effects in the description of structure formation (interface
cosmology-astrophysics)

- Explain new observed effects

The acceleration of the expansion is caused by dark energy or can it be
predicted by a new gravitational theory of large scales (modifications to General
Relativity)?

The small-scale anomalies (cusp/core problem and lack of galaxy
satellites) are an evidence against cold dark matter?

The CMB anomalies (multipoles alignment, cold spot) are systematic
effects or fundamental physics?

The Lithium problem (nucleosynthesis predicts more primordial Lithium
than it is observed)



- Caracterize systematic effects that contaminate the observations
Intrinsic alignments of galaxies affect gravitational lensing

Unknown SN absolute magnitudes affect SN distance measurements

- Define and derive the properties of new observables and estimators
Intensity mapping (21 cm)
Signal-to-Noise properties of different estimators of the same observable

Estimate the gravitational lensing signal from measured ellipticities

- Detect new effects predicted by the ACDM model

Primordial gravitational waves

CMB polarization



- Plan and build new cosmological surveys

Future space missions

- Understand the nature of the ACDM assumptions

What is dark energy (and does it really exist?)
What is dark matter (and does it really exist?)
Did inflation really happen?

Test the cosmological principle

- Understand the beginning of the Universe
Problem of the initial singularity

Quantum gravity



