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Finstein (1917)

Cosmological Considerations in the General Theory of
Relativity

Einstein’s universe is a three-sphere with radius R and uniform
mass density po. A static solution is found for A = 8nGo /2 = R2.

A

mechanical analogy

72\

potential energy

Cline (2016) I ——

https://einsteinpapers.press.princeton.edu/vol8-trans/329
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ON THE CURVATURE OF SPACE

A. Friedmann
Petersburg

Received: June 29, 1922

§l. In their well known works on cosmological questions
Einstein (1917) and de Sitter (1917) have arrived at two types
of world structure; Einstein discovered the so-called “cylin-—
drical world”, with a time independent curvature; the spatial

radius of curvature depending on the total mass in the space;
de Sitter has developed a spherical world in which not only
space but also, in a certain sense, space-time has a constant
curvature (Klein 1918). To this end, Einstein, and also de
Sitter, have made assumptions about the matter tensor; namely
that the matter is incoherent and nearly at rest; i.e., that
the velocity of the matter is sufficiently small compared to
the velocity of light.

ON THE POSSIBILITY OF A WORLD WITH CONSTANT
NEGATIVE CURVATURE

A. Friedmann
Petersburg

Received January 7, 1924

§1.1 In our note "On the Curvature of Space” (Friedmann
1922) we have treated solutlons to Einstein's 'world' equa-
tions which have as a common feature that they lead to a space
of constant positive curvature; we discussed all possible
cases which lead to such a solution. According to the equa-
tions the possibility of having a world of positive curvature
depends on the finiteness of space. For that reason it is
interesting to see if these same equations can lead to a world
with constant negative curvature and thus, so to speak, free
our discourse from this 'finiteness'.




A NOTE ON THE WORK OF A. FRIEDMANN
“ON THE CURVATURE OF SPACE"

A. Einstein
Berlin

Received May 31, 1923

I have in an earlier note (Einstein 1922) criticized the
cited work (Friedmann 1922). My objection rested however - as
Mr. Krutkoff in person and a letter from Mr. Friedmann con-
vinced me - on a calculational error. I am convinced that Mr.
Friedmann's results are both correct and clarifying. They
show that in addition to the statlic solutions to the field
equations there are time varying solutions with a spatially
symmetric structure.
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Lamaitre (1927) & Hubble (1929)

D. Block (2011) arXiv:1106.3928 [physics.hist-ph] Vesto Slipher
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Hubble-Lamaitre Law
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Hubble’s law says that a distant galaxy, e.g. 4000Mpc away, it is
receding from us with velocity 70 km/s/Mpc x 4000 Mpc = 280, 000

km/s, ~0.93 times the speed of light!
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be emphasized that the linear relation found in the present discussion is a
first approximation representing a restricted range in distance.
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“ ..0 mator erro da minka vida.”

Albert Einstein

“Um génio ndo comete erros. Seus erros
Sdo como portais para novas
descobertas.”

James Joyce

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



Finstein and A

“If Hubble s expansion had been discovered at the time of the creation of the general theory of
relativity, the cosmological member would never have been introduced. It seems now so much less
Jjustified to introduce such a member into the field equations, since its introduction loses its sole
original justification.”

A. Einstein, The Meaning of Relativity
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ON THE RELATION BETWEEN THE EXPANSION AND THE
MEAN DENSITY OF THE UNIVERSE

By A. EINSTEIN AND W. DE SITTER

Communicated by the Mount Wilson Observatory, January 25, 1932




Geometry and Destiny
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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 nuclel 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 scenari
original model predicted a flat universe.




Thermal history
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Cosmic microwave background

Intensity [MJy/sr]

COBE (1992)

Wavelength [mm]
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Average energy that corresponds to a black-
body spectrum of T = 2.72548 + 0.00057 K




CMB Experiments
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A flat Universe from high-resolution maps of
the cosmic microwave background radiation

P. de Bernardis &3, P. A. R. Ade, [...] N. Vittorio
Q~1

Nature 404, 955-959(2000) | Cite this article

Primordial Universe; « Topological defects;
« Cosmological Parameters; « Thermal history;
« Age of the Universe; « Geometry, etc.



The large-scale structure

0

Gravitational Lensing Galaxy Clusters

- ©- Anglo-Australian Observat(?ry .- 3

’ How can it be that the mate density Is onlyl/
of the critical value, yet the universe is flat?
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Q =03 Q=1-Q =0.7

Trimble (1987)
Calberg et al. (1996)
Bahcall et al. (1996)



LETTERS TO NATURE (1990)

LETTERS TO NATURE (1995)

The cosmological constant and
cold dark matter

The observational case for a
low-density Universe with a
non-zero cosmological constant

c.eistati 1 he Cosmological Constant Is Back!

Sity,
Department ¢ nsylvania,
THE cold Lawrence M. Krauss' and Michael S. Turner?3
distrihutiml . nstraints on
density is t A diverse set of observations now compellingly suggest that the universe jn u_i‘ lafge-
but recent possesses a nonzero cosmological constant. In the context of quantufn- erminations
ture on ve field theory a cosmological constant corresponds to tl}e energy density |t expansion
constant of the vacuum, and the favored value for the .cosmologlf:a.l constant cor- :‘::IIJ}’ ;{i tll:s
of the CD responds to a very tiny vacuum energy density. We discuss future ob- wgz:stiuns:"‘
the CDM servational tests for a cosmological const‘:ant as well as the funda.ment.'?,l ere remains
accommoda theoretical challenges — and opportunities — that this poses'for parti- |4 with
80% of the cle physics and for extending our understanding of the evolution of the |, odels in
constant. Wi universe back to the earliest moments. \ the critical
with a n:}n- . ) . also permit
dominated |  General Relativity and Gravitation, Vol. 27, No. 11, 1995 ‘r*; Yacuum
the cosmologrear comsTanT. A WeTT a5 EXPIATIINE TATZE-SCATe STUC- crifical density favoured by the simplest inflationary models. The

ture, a cosmological constant can account for the lack of fluctu-
ations in the microwave background and the large number of
certain kinds of object found at high redshift.

favoured,

observations do not vet rule out the possibility that we live in an
ever-expanding ‘open’ Universe, but a Universe having the critical
energy density and a large cosmological constant appears to be



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

SN 1994D observed with the HST



High-z Supernovae Search

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



Accelerating Universe
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SN and cosmic acceleration

® Distances between two points are smaller in a
decelerated Universe.

® Example: The Einstein-de Sitter model (@, = 1)
predicts that the flux of a SN observed when the
Universe was 2/3 of its present size should be 259
brighter than what is predicted by an empty universe
(.. = 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 Ilght from the supernova is in tran3|t to




Past and present SNe results
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O que acelera o universo?

Matéria usual implica desaceleracao.

C " tival
Pressao N 7 o Universo!
EFE /\ f  TICo!
Newton ,
! —Jlergia Escura
aceleragao x — (,0 +3 p) i
A densidade de energia é
Einstein positiva, mas a pressdo é

negativa.



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

Problem
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Dark energy: ill-motivated
candidates

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.

® Vacuum energy (A\): aka cosmological constant — a
strictly constant energy density inherent in empty
space;

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

Ified Gravity: Friedmann equations are

e
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Next

0

oeneration of Surveys

The Dark Energy Spectroscopic The Euclid Consortium

T EitiTy

Instrument (DESI)

e

Square Kilometre Array Javalambre Physics of the Accelerating
(SKA) Universe Astrophysical Survey (J-PAS)
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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 A? — 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: ?



