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SERIES OF 3 TALKS 

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

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

• (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.” 
Edwin Hubble, The Law of Red-Shifts, 1953, MNRAS 113, 658 

 



COMO OBSERVAMOS? 
COMO DIFERENTES PARTES DO ESPECTRO ATRAVESSAM A 

ATMOSFERA 





O SOL VISTO EM DIFERENTES FREQUÊNCIAS 







FROM TRADITIONAL TO MODERN COSMOLOGY 
THE 20TH CENTURY SAGA 

• Two dramatic shifts in paradigm: 1) from a Mathematical Science to a Physical Science 

                                                                2) from a Physical Science to an Observational Science 

• Then turned into a EXACT Science:  1) method of prediction and 

                                                                    2) falsification (comparing to observations) 

 

 

These transitions were allowed by to great revolutions: 

• 1) Space era -  dedicated satellite missions; 

• 2) Computer era – allowing modelling of complex cosmological and astrophysical 

models. 

 

 



BEGINNING OF COSMOLOGY 1922 

For historical documents see: https://www.lorentz.leidenuniv.nl/Friedmann/ 

Translation of Friedmann’s letter 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 DETAILS OF FRIEDMANN’S WORK 



EINSTEIN’S OPINION ON FRIEDMANN’S WORK    
AGAINST                                                IN FAVOR 

 







PRINCIPLES AND CONCEPTS USED IN COSMOLOGY 

The Copernican Principle: There should be no SPECIAL observers 

    Homogeneity and isotropy: Extending the Copernican Principle to cosmology     



PRINCIPLES AND CONCEPTS USED IN COSMOLOGY 
The cosmological principle:  

Derives from the CP but it can not be proved (in a mathematical sense).  

 

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 







ESTRUTURA EM GRANDE ESCALA 
LARGE SCALE STRUCTURE (LSS) 



• https://www.youtube.com/watch?v=RAiPZ_oUPI4 

GRANDES MAPEAMENTOS DE GALÁXIAS EM 3D 



It is fair to say that the homogeneity scale is around 

200/h Mpc 



PRINCÍPIO COSMOLÓGICO 
VS 

ESCALA DE HOMOGENEIDADE DO UNIVERSO 





COSMOLOGICAL PRINCIPLE VS HOMOGENEITY SCALE IN THE UNIVERSE 



(STATISTISCAL) HOMOGENEITY SCALE IN THE UNIVERSE  

See also: Gonçalves, R., et al JCAP 03 (2021) 029 

 

The Cosmological Principle should be understood in a statistical sense 



Edwin Hubble (1889 - 1953) 

First: the discovery of galaxies beyond the Milk Way 

EXPANSION OF THE UNIVERSE (LEMAITRE-HUBBLE LAW) 



Redshift 

PRINCIPLES AND CONCEPTS USED IN COSMOLOGY 



Redshift is proportional to distance 

PRINCIPLES AND CONCEPTS USED IN COSMOLOGY 



THE STATUS OF “OBSERVATIONAL COSMOLOGY” IN THE 1920? 

1)The notion of GALAXY did not exist 

 

2)Great debate on the distance to the nebulae 

 

3)Edwin Hubble uses the method proposed by 

H. Leavitt to know the distance from the 

Andromeda nebulae and finds a value close to 1 

million light-years (today we know this distance 

is > 2 million light-years). 

 

4) Harlow Shapley estimate the size of the Milk-

way as 300.000 light-years  (today we know it is 

100.000 light-years)  

 

Conclusion: Andromeda is beyond the set of 

stars we see in the night sky 
 

 



THE LEMAITRE-HUBBLE LAW 

Hermano Velten 



Hermano Velten 



PRINCIPLES AND CONCEPTS USED IN COSMOLOGY 
Lookback time: 

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 



PRINCIPLES AND CONCEPTS USED IN COSMOLOGY 

Cosmic Edge 

 FAQ by students: Where is the border of the universe? What do we find beyond the 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. 



Expanding – diluting - universe 

PRINCIPLES AND CONCEPTS USED IN COSMOLOGY 



PARAMETERIZING THE EXPANDING UNIVERSE: 
THE SCALE FACTOR 

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



UMA VISÃO NEWTONIANA PARA A COSMOLOGIA 



EXERCÍCIO: 



AS COMPONENTES DO UNIVERSO DEVEM OBEDECER LEIS DE 
CONSERVAÇÃO DE MASSA/ENERGIA E MOMENTO 

• Matéria sem pressão: 

• Radiação/fótons e também neutrinos (!)  





MODELLING THE EXPANDING UNIVERSE 

The metric of an expanding space 

Jargon: FLRW metric 

 

(CLOSED, OPEN, FLAT) 

In practise modern cosmologists use to adopt  a FLAT metric from the beginning. This is 

supported by Cosmic Microwave Background (CMB) observations 



MODELLING THE EXPANDING PERFECT FLUID 

Perfect fluid description and conservation: 

Conservation is assumed! EOS  

Equation of state parameter 



COSMOLOGICAL FLUIDS 

Relativistic species Non-relativistic matter 



IT IS TIME TO MAKE A CHOICE: HOW TO DEAL WITH THE 
GRAVITATIONAL INTERACTION? 

GENERAL RELATIVITY 
 





2016: GRAVITATIONAL WAVES -ANOTHER VERIFICATION OF GR PREDICTIONS 









Hermano Velten 



Hermano Velten 



Hermano Velten 

The speed of GWs is equal to c! 



FRIEDMAN EQUATIONS AND BACKGROUND DYNAMICS 



WHY IS IT INTERESTING TO MEASURE DISTANCES? 

If we measure DISTANCES we can infer the EXPANSION RATE 

Luminosity Distance 

Angular distance 

Apparent magnitude 



FOUR IMPORTANT EPOCHS WHICH ASTROPHYSICS CAN PROBE 

• 1) The current Universe, presumably at an age of about 13.8 billion years; 

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

• 3) A snapshot of the plasma state of the Universe at an age of about 380,000 

years, and; 

• 4) Abundances of remaining nuclear reactions taking place within the first 

three minutes of the Big Bang. 

Our task is to provide a theoretical model able to tie these 4 observed 

eras into a coherent evolution 

1 

2 3 

4 



1) THE UNIVERSE TODAY 



INTRODUCING THE COSMIC TENSION ON H0 







INTRODUCING THE COSMIC TENSION ON H0 

Credits: ADAM RIESS, Nature Review Physics 2019 



Credits: ADAM RIESS, Nature Review Physics 2019 



arXiv:2105.05208 







2) THE UNIVERSE OVER THE PAST 12 BILLION YEARS 





PREDICTION: The CMB was first predicted by G. Gamow, R. Alpher 

and R. Herman in 1948 T ~ 5K 

3) COSMIC MICROWAVE BACKGROUND (CMB) 



COSMIC MICROWAVE BACKGROUND (CMB) 

 - The first Discovery in 

1965 by A. A. Penzias and 

R.W. Wilson  

 - The Nobel Prize 1978 



Hermano Velten 

COSMIC MICROWAVE BACKGROUND (CMB) 

It is early to show this plot. But it shows the 

moment the CMB is released. 

Radiation decoupled from  

charged particles 





COSMIC MICROWAVE BACKGROUND (CMB) 





PLANCK 

satellite 

Lauch: 2009.  

Took data until 2013. 

 

Data releases: 2013, 2016, 

2018 



THE SACHS-WOLFE FORMULA 

Contribution 

from the LSS 

Contribution acquired along 

the CMB photons travel 



It is wrong to say that CMB is a picture of the young universe.  

It also captures features from the cosmological expansion 



4) PRIMORDIAL ABUNDANCES 



THE STANDARD COSMOLOGICAL MODEL  CHRONOLOGY 

• 1915: Einstein has formulated GR 

• 1917: Einstein, De Sitter try to build the first cosmological models (Prejudice: 

Static/Stationary universe) 

• 1922: A. Friedmann  

• 1927: G. Lemaitre 

• 1933: Robertson, Walker 

• 1929 Hubble’s law (first confirmation) 

• 1930-1965: Accumulation of proofs in favour of FLRW 

• 1965: CMB Discovery (full confirmation) 

• 1992: COBE measures CMB anisotrpy 

• 1998: Sne studies reveal that expansion is accelerating 

• 2003: WMAP observes several peaks in CMB anisotropy 

• 2013: PLANCK: Density content revision 

Investigate most general 

HOMOGENEOUS, ISOTROPIC, NON-

STATIONARY solutions of GR  



SUMMARY: PILLARS OF THE STANDARD COSMOLOGY 

Standard 

Cosmological 

Model 

Cosmological 

Principle 

GR 

Perfect fluid 

description of 

cosmic fluids 

Lemaitre-Hubble 

law 

CMB 

BBN 

Theory Observations 



DARK MATTER 



DARK MATTER EVIDENCES 

• Astrophysical evidences 

 Isolated systems like galaxies and galaxy clusters. 

 

• Cosmological evidences 

 Take into account universe expansion 

Dark matter as a key element for viable structure formation 



 FRITZ ZWICKY 1898-1974: 



GALAXY ROTATION CURVES VERA RUBIN 1980 
Hermano Velten 

Multi-wavelength observations allows to see beyond the luminous disk 

21cm radiation first observed in 1951 by Harold Ewen and Edward 

M. Purcell 





DISTANT GALAXIES LACK DARK MATTER 
Sample in  the redshift range 0.9<z<2.4 



Hermano Velten 

GRAVITATIONAL LENSING 



LARGE SCALE STRUCTURE FORMATION 







BARYON ACOUSTIC OSCILATIONS 



COSMOLOGICAL EVIDENCES FOR CDM 



The dark matter particle? 
Minimum requirements for such particle candidate 

1) To Interact gravitationally; 

2) Electrically neutral, otherwise it had already been detected; 

3) Very small cross section (explains the lack of positive direct detection results); 

Hot dark matter: light and fast (non competitive models) 

Cold dark matter: heaky and slow (prevailing view) 

Warm dark matter: something between Hot and Cold e Hot! 









DARK ENERGY 





SUPERNOVAE AND THE ACCELERATED EXPANSION OF THE 

UNIVERSE: THE DARK ENERGY PHENOMENA 

Hermano Velten 



"for the discovery of the accelerating 

expansion of the Universe through 

observations of distant supernovae" 

Hermano Velten 



COSMIC ENERGY BUDGET 
Hermano Velten 



DARK ENERGY AND THE AGE OF THE UNIVERSE 



ROBUST EVIDENCE FOR ACCELERATION FROM SUPERNOVAE DATA  



CONCORDANCE COSMOLOGICAL MODEL 
Hermano Velten 

DM AND DE CORRESPOND TO 95% OF THE COSMIC ENERGY BUDGET 

WE HAVE NO DIRECT EVIDENCES FOR THESE PARTICLES/FIELDS 





SIMPLE DARK ENERGY MODELS 

Simplest evolution of the late time cosmological background 



DECELERATION PARAMETER 

2.6 Gyrs between acceleration 

starts and DE dominates 



DARK ENERGY EQUATIONS OF STATE 



FIM! 

OBRIGADO! 


