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SERIES OF 3 TALKS

Å(BASIC)Talk 1: The rise of Cosmology along the 
20th century as a research field and basic 
assumptions

Å(THEORY)Talk 2: How we have modelled and 
mapped the dark sector of the universe

Å(OBSERVATIONS)Talk 3: The latest results and the 
state of the art

Then, as precision increases, the array of possible interpretations permitted by uncertainties in the 

observation will be correspondingly reduced. Ultimately, when a definite formulation has been achieved, 

free from systematic errors and with reasonably small probable errors, the number of competing 

interpretations will be reduced to a minimum.ò

Edwin Hubble, The Law of Red-Shifts, 1953, MNRAS 113, 658



FROMTRADITIONALTOMODERNCOSMOLOGY
THE 20TH CENTURYSAGA

ÅTwodramaticshifts in paradigm: 1) from a MathematicalScience to a PhysicalScience

2) from a PhysicalScience to anObservationalScience

ÅThenturned into a EXACT Science:  1) methodof predictionand

2) falsification(comparingto observations)

Thesetransitionswereallowedby to greatrevolutions:

Å1) Space era - dedicatedsatellitemissions;

Å2) Computer era ςallowingmodellingof complexcosmologicalandastrophysical
models.



PRINCIPLESANDCONCEPTSUSEDIN COSMOLOGY

The CopernicanPrinciple: Thereshouldbeno SPECIAL observers

Homogeneityandisotropy: Extendingthe CopernicanPrincipleto cosmology



PRINCIPLESANDCONCEPTSUSEDIN COSMOLOGY
The cosmologicalprinciple: 

Derives from the CP but it cannot beproved(in a mathematicalsense). 

Corollary: The laws of physics are universal. 
The same physical laws and models that apply 
here on the Earth also work in distant stars, 
galaxies, and all parts of the Universe        
HUGE SIMPLIFICATION



COSMOLOGICALPRINCIPLEVSHOMOGENEITYSCALEIN THEUNIVERSE



(STATISTISCAL) HOMOGENEITYSCALEIN THEUNIVERSE

Seealso: Gonçalves, R., et al JCAP03 (2021) 029

The CosmologicalPrincipleshouldbeunderstoodin a statisticalsense



It is fair to saythat the homogeneityscaleisaround
200/h Mpc



Redshiftisproportionalto distance

PRINCIPLESANDCONCEPTSUSEDIN COSMOLOGY



Edwin Hubble (1889 - 1953)

First: thedDiscoveryof galaxiesbeyondthe Milk Way

EXPANSIONOFTHEUNIVERSE(LEMAITRE-HUBBLE LAW)



THE STATUS OFάOBSERVATIONALCOSMOLOGYέ Lb THE1920?

1)Thenotion of GALAXYdid not exist

2)Greatdebateon the distanceto the nebulae

3)EdwinHubble usesthe method proposedby
H. Leavitt to know the distance from the
Andromedanebulaeandfindsa valuecloseto 1
million light-years(today we know this distance
is> 2 million light-years).

4) HarlowShapleyestimatethe sizeof the Milk-
way as300.000 light-years (today we know it is
100.000light-years)

Conclusion: Andromeda is beyond the set of
starswe seein the nightsky



THE LEMAITRE-HUBBLE LAW
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PRINCIPLESANDCONCEPTSUSEDIN COSMOLOGY
Lookbacktime:

the farther away an object is from the Earth, the longer it takes for its 
light to reach us

Particularly useful to study galaxy evolution: the ability to study the 
changes in galaxies with time by observing them at various distances 
means equals different epochs



PRINCIPLESANDCONCEPTSUSEDIN COSMOLOGY

CosmicEdge
FAQ by students: Where is the borderof the universe? Whatdo we find beyondthe border?
Answer: The Universe has to contain the properties of everything. Invoking an outside property of the Universe is 
logically inconsistent. 

A corollary to this point is that the Universe must be boundless. This does not necessary mean that the Universe is 
infinite, although this is the simplest solution.



Expandingςdiluting- universe

PRINCIPLESANDCONCEPTSUSEDIN COSMOLOGY



PARAMETERIZINGTHEEXPANDINGUNIVERSE: 
THESCALEFACTOR

http://www.astro.iag.usp.br/~laerte/form_ev_gal/cosmologia.pdf



MODELLINGTHEEXPANDINGUNIVERSE

The metricof anexpandingspace
Jargon: FLRW metric

(CLOSED, OPEN, FLAT)

In practisemoderncosmologistsuse to adobt a FLAT metric from the beginning. Thisis
supportedby CosmicMicrowaveBackground (CMB) observations



MODELLINGTHEEXPANDINGPERFECTFLUID

Perfectfluid descriptionandconservation:

Conservationisassumed! EOS 
Equationof stateparameter



COSMOLOGICALFLUIDS

RelativisticspeciesNon-relativisticmatter



IT ISTIME TOMAKE A CHOICE: HOWTODEALWITHTHE
GRAVITATIONALINTERACTION?

GENERAL RELATIVITY





2016: GRAVITATIONALWAVES-ANOTHERVERIFICATIONOFGR PREDICTIONS









TESTINGANOTHERIMPORTANTGR PREDICTION: THESPEEDOFGWS



Wehaveconstrainedthe speedof
GWsat the 1% level!

J.B. Jimenez, Federico Piazza andHV PRL 2016

General binaryperioddecayformula allowingfor a general speed
of gravitationalwavesandandgeneral matter couplingfor the

radiativesector  

The Hulse-Taylor pulsar system
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The speedof GWsisequalto c!



BEGINNINGOFCOSMOLOGY1922

For historicaldocumentssee: https://www.lorentz.leidenuniv.nl/Friedmann/

Translation of Friedmannôsletter to Ehrefest:

I'm sending you a brief note regarding the question about the possible

shape of the universe more general than the cylindrical world of Einstein, 

and the spherical world of De Sitter; aside from these two cases there

appears also a world, the space of which possesses a curvature radius

varying with time; it seemed to me that a question of this sort may interest

you or De Sitter. In the near future I will send you a German translation of

this note, if you find the question considered in it interesting, then please
be so kind to have it placed in some journal.



SOME DETAILSOFCwL95a!bbΩ{WORK



9Lb{¢9LbΩ{OPINIONONCwL95a!bbΩ{WORK
AGAINST                                                IN FAVOR



FRIEDMAN EQUATIONSANDBACKGROUND DYNAMICS



WHYISIT INTERESTINGTOMEASUREDISTANCES?

If we measureDISTANCES we caninfer the EXPANSION RATE

LuminosityDistance

Angular distance

Apparentmagnitude



FOUR IMPORTANTEPOCHSWHICHASTROPHYSICSCANPROBE
Å1) The current Universe, presumably at an age of about 13.8 billion years;

Å2) The evolution of structure over the past 12 billion years;

Å3) A snapshot of the plasma state of the Universe at an age of about 380,000 
years, and;

Å4) Abundances of remaining nuclear reactions taking place within the first 
three minutes of the Big Bang.

Ourtaskis to providea theoretical model able to tie these 4 observed 
eras into a coherent evolution
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1) THE UNIVERSETODAY



INTRODUCINGTHECOSMICTENSIONONH0





INTRODUCINGTHECOSMICTENSIONONH0

Credits: ADAM RIESS, NatureReview Physics2019



Credits: ADAM RIESS, NatureReview Physics2019





arXiv:2105.05208



EARLY TIME MODIFICATIONSPREFERREDOVER LATE TIME ONES?

It is, therefore, unlikely that
changesto the late time expansion
history can resolve the ΨIǳōōƭŜ
ǘŜƴǎƛƻƴΩ.Χ



2) THE UNIVERSEOVER THEPAST12 BILLIONYEARS





PREDICTION: The CMB wasfirst predictedby G. Gamow, R. Alpher
andR. Herman in 1948 T ~ 5K

3) COSMICMICROWAVEBACKGROUND (CMB)


