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Einstein (1917) 
Cosmological Considerations in the General Theory of 
Relativity 

https://einsteinpapers.press.princeton.edu/vol8-trans/329 

Curvature = mass/energy density + Λ 
Einstein’s universe is a three-sphere with radius R and uniform 
mass density ρ. A static solution is found for Λ = 8πGρ/2 = R-2. 

Cline (2016) 



Friedmann (1922;1924) 
 Expansão do Universo 

A. Friedmann 





Lamaître (1927) & Hubble (1929)   

Hubble’s data were corrected for peculiar motions of the galaxies and so 
look more linear. In his paper, Lamaître gave a theoretical explanation of the 

“Hubble law”. 

D. Block (2011)   arXiv:1106.3928 [physics.hist-ph] 

Lamaître (1927) Hubble (1929) 

  speed = Ho x distance             H0 ~ 600 km.s-1.Mpc-1  

Vesto Slipher 

1 Mpc = 3.26 millions of  light-years 



Hubble-Lamaître Law 

Riess et al. (2010) 

  Ho ~ 70 km.s-1.Mpc-1 

Hubble 

to ~ Ho
-1 = 14 Gyr 

Hubble 1929 

Hubble’s law says that a distant galaxy, e.g. 4000Mpc away, it is 
receding from us with velocity 70 km/s/Mpc × 4000 Mpc = 280, 000 
km/s, ~0.93 times the speed of light!  

  speed = Ho x distance 



“...o maior erro da minha vida.”  
Albert Einstein 

“Um gênio não comete erros. Seus erros 
são como portais para novas 

descobertas.”  
James Joyce 

Einstein’s Mistakes - S. Weinberg, Physics Today, 58, 11 (2005) 



Einstein and Λ 

A. Einstein, The Meaning of  Relativity 



Geometry and Destiny 

•  Friedmann (1922): Ω > 1 
•  Friedmann (1924): Ω < 1  
•  Einstein-de Sitter (1932): Ω = 1 

Ω =
ρ
ρcrit

Ω > 1 

Ω = 1 

Ω < 1 



Next decades… 
 

�  In the 30s, Zwicky postulated the existence of  Dark Matter; 

�  In the 40’s, Gamow and collaborators investigated the 
physics of  the Hot Big-Bang and made predictions about 
primordial nucleosynthesis and the Cosmic Microwave 
Background (CMB); 

�  In 1965, Penzias and Wilson discovered the 3K CMB; 

�  Measurements of  abundance of  light nuclei in agreement 
with theoretical predictions. 

�  In the 70’s, strong evidence was found for the existence of  
DM from galaxy’s rotation curves (Rubin & Ford); 

�  In 1981, Guth proposed the so-called inflationary scenario. 
The original model predicted a flat universe. 
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Thermal history 

Hu and White (2004)   



COBE (1992) 
Cosmic microwave background

.. / Precision Cosmology
Average energy that corresponds to a black-
body spectrum of T = 2.72548 ± 0.00057 K  

ΔT
T

≈10−5



CMB Experiments 

•  Primordial Universe;  
•  Cosmological Parameters;  
•  Age of  the Universe; 

Ω ~1

•  Topological defects;  
•  Thermal history;  
•  Geometry, etc. 



The large-scale structure 
Gravitational Lensing Galaxy Clusters 

Ωm ≈ 0.3; Ω =1−Ωm ≈ 0.7
Trimble (1987) 
Calberg et al. (1996) 
Bahcall et al. (1996) 

How can it be that the matter density is only 1/3  
of  the critical value, yet the universe is flat? 
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SN 1994D observed with the HST 

SNe are bright, standardizable candles; They are 
almost as bright as a typical galaxy when they peak. 

 
 

 



Discovered between October and November 1999. This  
Supernova is more than 9 billion light years in distance.  

High-‐‑z  Supernovae  Search	



Accelerating Universe 



SN and cosmic acceleration 
�  Distances between two points are smaller in a 

decelerated Universe. 

�  Example: The Einstein-de Sitter model (Ωm = 1)  
predicts that the flux of  a SN observed when the 
Universe was 2/3 of  its present size should be 25% 
brighter than what is predicted by an empty universe 
(Ωm = 0) expanding at a constant rate. 

�  But the distant supernovae are not brighter than 
expected in an empty universe, they are dimmer. For 
this to happen, the universe must be accelerating 
while the light from the supernova is in transit to our 
observatories. 



Past and present SNe results 

Evidence for cosmic acceleration is >60σ! 

Scolnic et al. (2018) 



O que acelera o universo? 
Matéria usual implica desaceleração.  

  Gravidade é atrativa! 

Pressão Negativa Acelera o Universo! 
 

 

              EFEITO RELATIVÍSTICO! 

Newton 

( )p3aceleração +−∝ ρ

Einstein 

Energia Escura 

A densidade de energia  é 
positiva,  mas a pressão é 

negativa. 

Λ? 



Composition  of  the  
Cosmos	

Evolution of  radiation, matter and dark energy  
densities with redshift/time. 

)(zwφ
Λ	

ρDE ~ 0.7×10
−29g/cm3 ≈ 6.3×10−10 erg/cm3



w = −1.047 ± 0.038 (1σ) 

Scolnic et al. (2018) 

Λ: w  −1 



The cosmological Constant 
Problem 

ρΛ
obs ≈10−10 erg / cm3

ρΛ
theo ≈10+110 erg / cm3

ρΛ
theo ≈10120ρΛ

obs

S. Weinberg, Rev. Mod. Phys., 61, 1 (1989) 
T. Padmanabhan, Phys. Rept. 380, 235 (2003)  



Dark energy: ill-motivated 
candidates 

 

�  Vacuum energy (Λ):  aka cosmological constant – a 
strictly constant energy density inherent in empty 
space; 

�  Dynamical dark energy (Φ): evolution characterized 
by an equation-of-state w(t) = p(t)/ρ(t). 

�  Modified Gravity: Friedmann equations are not valid 
at late times. 

The discovery of  cosmic acceleration indicated the 
presence of  a new component in the universe, one that 

dominates the energy density today, or of  a modification 
of  the laws of  gravity. 



Next generation of  Surveys 
The Dark Energy Spectroscopic  

Instrument (DESI) 
 

The Euclid Consortium 

Square Kilometre Array  
(SKA) 

 

Javalambre Physics of  the Accelerating  
Universe Astrophysical Survey (J-PAS) 

 



Conclusions 
“To see what is in front of one’s nose requires a constant 

struggle.” 
 

George Orwell 
 
Dark energy is the mechanism that drives the current 
cosmic acceleration. Einstein’s Λ? – CC problem. A 
dynamical field? Modification of  Gravity?  
 
Several experiments are underway or planned, and will 
probe the history of  cosmic expansion and of  the growth 
of  structures. 

XIX C: electricity, magnetism and light: electromagnetic theory.  
XXI C: Gravity, dark matter and dark energy: ? 


