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Some facts (a few rather surprising...)

• Adam Riess, NP 2011, at Starmus (Tenerife), about Hubble:
• “Hubble obtained the distances and redshifts of distant nebulae…”
• “Hubble discovered that the Universe was expanding …”
• No mention to Vesto Slipher, Henrietta Leavitt, …

• Brian Schmidt, NP 2011, at Starmus (Tenerife) &
Lisa Randall, Harvard U, in Barcelona, about Einstein:

• “Einstein was the first to think about the possibility of a ‘dark energy’…”
• No mention to Fritz Zwicky, another extraordinary astronomer
• Fritz Zwicky discovered dark matter in the early 1930s while studying how

galaxies move within the Coma Cluster
• He was also the first to postulate and use nebulae as gravitational lenses (1937)

• How easily* brilliant astronomers get dismissed
• How easily* scientific myths arise *in few decades

SHOES-
Supernovae
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La expansión del Universo: 
Uno de los descubrimientos
más importantes de toda la 

Historia de la Humanidad
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Univers d’Anaximandre 610–546 BC

Univers de Copèrnic, Thomas Digges 1576

Univers de Ptolomeu, s.II

Diversos models
d’Univers
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Einstein field equations with Λ
“Eine Gröβe Eselei”

Beginning of (Theoretical) Modern Cosmology

 Universe:  eternal
 Universe =  Milky Way
 Universe:  static why?
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Image of H335H shows the glass side of the photographic plate, on 
which Hubble marked novae and, eventually, the first Cepheid in ink 

Hubble variable number one, or V1, two million 
light-years away in the outer regions of the 
neighboring Andromeda galaxy, or M31
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Year 1912

The Beginning of Modern Cosmology

 Distances Henrietta S. Leavitt (Cepheids)
 Velocities Vesto M. Slipher (redshifts)

7 April 1912: Victor Hess discovers cosmic rays
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had 25 results, 4 of them blueshifts, and he gave an interpretation on the 
enormous receding mean velocity, of nearly 500 km/s, of these objects: 
“This might suggest that the spiral nebulae are scattering 
but their distribution on the sky is not in accord with this 
since they are inclined to cluster.” 

And he added that:
“... our whole stellar system moves and carries us with it. 
It has for a long time been suggested that the spiral 
nebulae are stellar systems seen at great distances ...     
This theory, it seems to me, gains favor in the present 
observations."

By 1917 Slipher ...
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 In 1924 the Swedish astronomer Karl Lundmark, by making the 

assumption that galaxies were standard objects, used their size and 
brightness to infer their distance from us.

 He then tried to find a relationship between the Slipher’s redshifts 
and the distances and concluded that there might be one, but this 
was not clear enough.

 Actually, Hubble did also make the same assumption but improved
the table of distances by using Cepheid variable stars, when they
were available (and again Slipher’s redshifts). In this way he found a 
clear correlation.



Table 1: Radial velocities in km/s  of 25 spiral nebulae 
published by VM Slipher in 1917

Table 1: Distances in Mpc of spiral nebulae 
published by E Hubble in 1929

“… your velocities and my distances”. Letter of 
E.P. Hubble to V.M. Slipher, Mar 6, 1953.  Biographical 
Memoirs, Vol 52, National Academy of Sciences (U.S.)
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At large scale, the dominant 
movement of our Universe is 
dictated by the law:

V = Ho D

Interpretation:  
1. Proper movement of the galaxies
2. Movement of the reference system, of space-time

Both are right! –But the second prevails at large distances

Ho = (67.8 +/- 0.9) km/s/Mpc [500 Hubble, 1929]

Hubble’s Law
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Hubble acknowledged Slipher's seminal contribution to his own 
work by declaring that: 

“… the first steps in a new field are the most difficult 
and the most significant. Once the barrier is forced 
further development is relatively simple.” 

E.P. Hubble, The realm of the nebulae, Dover Pub. Inc. 1958 
[Biographical Memoirs, Vol 52, National Academy of Sciences 
(U.S.)] 

Further:  Hubble on Slipher’s contribution
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In a letter by Hubble to Willem De Sitter in 1931, he stated his thoughts about the 
velocities by saying 

"... we use the term 'apparent velocities' in order to emphasize the 
empirical feature of the correlation. The interpretation, we feel, should 
be left to you and the very few others who are competent to discuss 
the matter with authority."
Sten Odenwald and Rick Fienberg, "Redshifts Reconsidered", Sky Pub Co (1993)

Hubble never said the universe was expanding! 
http://cecelia.physics.indiana.edu/life/redshift.html

Einstein was convinced in `31 by Eddington, Tolman, and de Sitter (not
by Hubble) of the facts that his static model was unstable and that the
universe was expanding. Harry Nussbaumer, Eur Phys J H39, 37–62 (2014)
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 “On the Curvature of Space”, A. Friedmann, Petersburg                                 
Received June 29, 1922, Zeitschrift für Physik

“the Universe may expand since General Relativity equations admit 
dynamical solutions"

 Remark on the work of A. Friedmann, ZfP 1922, “On the Curvature of Space”          
A. Einstein, Berlin                                                                                                     
Received September 18, 1922, Zeitschrift für Physik

Albert Einstein and the Friedmann Equations, 8.286, 9/27/07: Alan Guth
http://web.mit.edu/8.286/www/slides07/Einstein-and-Friedmann.pdf

Publication of the Friedmann Equations



Name or Title or Xtra

Institute of 
Space Sciences Sequence of Events
 June 29, 1922: Friedmann's paper received at Zeitschrift für Physik
 September 18, 1922: Einstein's refutation received at Zeitschrift für Physik
 December 6, 1922: Friedmann learns about Einstein's objection from his friend, Yuri  

A. Krutkov, who is visiting in Berlin. Friedmann writes a detailed letter to Einstein. 
Einstein is traveling and does not read it

 May, 1923: Einstein meets Krutkov in Leiden, both attending the farewell lecture by 
Lorentz, who was retiring

 Krutkov's letters to his sister: “On Monday, May 7, 1923, I was reading, together with 
Einstein, Friedmann's article in the Zeitschrift für Physik." May 18: “I defeated 
Einstein in the argument about Friedmann. Petrograd's honor is saved!"

 May 31, 1923: Einstein's retraction of his refutation is received at Zeitschrift für Physik
http://web.mit.edu/8.286/www/slides07/
Einstein-and-Friedmann.pdf
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 Sir Fred Hoyle (1915–2001) English astronomer noted primarily for the
theory of stellar nucleosynthesis (1946,54 groundbreaking papers)

 Work on Britain's radar project with Hermann Bondi and Thomas Gold
 William Fowler NP’83: “The concept of nucleosynthesis in stars was first

established by Hoyle in 1946”
 He found the idea universe had a beginning to be pseudoscience, also

arguments for a creator, “…for it's an irrational process, and can't be
described in scientific terms”; “…belief in the first page of Genesis”

 Hoyle-Gold-Bondi 1948 steady state theory, “creation or C-field”

How did the “Big Bang” get its name ? 
http://www.bbc.co.uk/science/space/universe/scientists/fred_hoyle

BBC radio's Third Program broadcast on 28 Mar 1949:  “… all matter 
in the universe was created in one Big Bang at a particular time…”



Name or Title or Xtra

Institute of 
Space Sciences

Hoyle is just remembered as the proposer of the discredited Steady 
State theory of the universe

“Everybody knows that the rival Big Bang theory won the 
battle of the cosmologies, but few (not even astronomers) 
appreciate that the mathematical formalism of the now-
favoured version of Big Bang, called inflation, is identical 
to Hoyle's version of the Steady State model”
John Gribbin, in Hoyle's obituary "Stardust memories", The Independent, 
Friday 17 June, 2005.

Hoyle, the “Big Bang”, and inflation
https://en.wikiquote.org/wiki/Fred_Hoyle
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Thus:

Big Bang =  Impossible blow!!
But now:

Big Bang ≈  Inflation !

• Same underlying physics as in steady state theory, “creation or C-field”
• Richard C. Tolman, 1934: “Relativity, Thermodynamics, and Cosmology”

Explained how a closed universe could equal zero energy: how all mass/energy
is positive and all gravitational energy is negative and how they may cancel each
other out, leading to a universe of zero energy

• Tolman–Oppenheimer–Volkoff (TOV) equation: constrains in GR the structure
of a spherically symmetric body of isotropic material in static equilibrium
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 Hoyle preconceived inflation, but NOT for the reasons it was 

discovered forty years later (Guth, …)

 His only purpose: to solve the problem of the instantaneous 
creation of all matter/energy in the Universe

 Now, renowned colleagues (V. Mukhanov, et al) defend the idea 
that the most important aspect of inflation is the theory of 
cosmological perturbations, leading from quantum vacuum 
fluctuations to the seeds of large-scale structure formation in 
the Universe
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Miracle of Physics No. 1  

[Alan Guth, MIT]

“Gravity can be repulsive”
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Miracles of Physics:  #1 

Miracle of Physics No. 2

[Alan Guth, MIT]

“Energies are not always positive:  
the gravitational field
has negative energy” 
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Wikipedia webpage: ``If the known laws of physics are extrapolated to the highest density regime, the 
result is a singularity ..."``Since Georges Lemaître first noted in 1927 that an expanding universe could be 
traced back in time to an originating single point, scientists have built on his idea ...“  ``Extrapolation of the 
expansion of the universe backwards in time using general relativity yields an infinite density and 
temperature at a finite time in the past ..."
French Wikipedia: ``De façon générale, le terme ``Big Bang" est associé à toutes les théories qui 
décrivent notre Univers comme issu d'une dilatation rapide qui fait penser à une explosion ..."
Italian version: ``La fase iniziale calda e densa è denominata ``Big Bang" ..."
National Geographic: ``Before the big bang, scientists believe, the entire vastness of the observable 
universe, including all of its matter and radiation, was compressed into a hot, dense mass just a few 
millimeters across."
Global Britannica: ``Its essential feature is the emergence of the universe from a state of extremely 
high temperature and density: the so-called big bang ..."
NASA webpage:``Was the Big Bang an explosion?  No, the Big Bang was not an explosion. We don't 
know what, exactly, happened in the earliest times, but it was not an explosion in the usual way that people 
picture explosions. There was not a bunch of debris that sprang out, whizzing out into the surrounding 
space. In fact, there was no surrounding space. There was no debris strewn outwards. Space itself has 
been stretching and carrying material with it."
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“Planck 2015 results. XIII. Cosmological parameters” A&A 594, A13(2016); arXiv:1502.01589

Spatial curvature: But combining the Planck data with BAO:
|ΩK| < 0.005 ΩK = 0.000 ± 0.005 (95%, Planck TT+lowP+lensing+BAO)

This is unchanged when adding JLA supernovae data (SDSS-II/SNLS3 Joint Light-curve Analysis) 
and the H0 prior:  H0 = (70.6 ± 3.3) km s−1Mpc−1

Combined constraints show impressive consistency with a flat universe:
• Total Energy of the Universe is zero with a precision of more than 0.5%
• In fact, our Universe appears to be spatially flat to a 1σ accuracy of 0.25 %
• Impressive confirmation of the theoretical arguments above

“The six-parameter base ΛCDM model continues to provide a very good match to the more extensive 
2015 Planck data, including polarization. This is the most important conclusion of Planck 2015 results”

By combining the Planck TT+lowP+lensing data with other astrophysical data, including the JLA 
supernovae, the Equation of State for dark energy is constrained to:    w = −1.006 ± 0.045  
It is compatible with a cosmological constant                                  ΛCDM cosmology
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The Big Bang Singularity
Singularity Theorems: Roger Penrose, Stephen Hawking, … 
R Penrose,”Gravitational collapse and space-time singularities”, Phys Rev Lett 14 (1965) 57
S Hawking, GFR Ellis, “The Large Scale Structure of Space-Time” (Cambridge U P, 1973)
RM Wald, “General Relativity” (U Chicago P, 1984);    R Geroch, Ann Phys 48 (1968) 526
http://www.hawking.org.uk/the-beginning-of-time.html
Extended Theorems: Arvind Borde, Allan Guth, Alexander Vilenkin
A Borde, A Vilenkin, “Eternal Inflation and the Initial Singularity”, Phys Rev Lett. 72, 3305 (1993)
A Borde, A Guth, A Vilenkin, “Inflationary Spacetimes Are Incomplete in Past Directions”, Phys Rev Lett. 
90, 151301 (2003)

The Big Bang Cosmological Models
Cold Big Bang Model
A N Aguirre, "The Cosmic Background Radiation in a Cold Big Bang". Ap J 533  (2000) 1; PRD 64 
(2001) 083508
Hot Big Bang Model
http://www.damtp.cam.ac.uk/research/gr/public/bb_home.html
https://faraday.physics.utoronto.ca/PVB/Harrison/GenRel/BigBangModel.html

http://www.damtp.cam.ac.uk/research/gr/public/bb_home.html
https://faraday.physics.utoronto.ca/PVB/Harrison/GenRel/BigBangModel.html


“All That Matter ... in One Big Bang ...,” 
& Other Cosmological Singularities
E Elizalde *

Galaxies 2018, 6, 25; doi:10.3390/galaxies6010025

arXiv:1801.09550v3 [physics.hist-ph] 25 Jan 2018
https://arxiv.org/pdf/1801.09550.pdf

https://www.preprints.org/search?action=search&field=authors&search=Emilio+Elizalde
https://arxiv.org/pdf/1801.09550.pdf


Reasons in Favor of a Hubble-Lemaître-Slipher’s
(HLS) Law
Emilio Elizalde

Institute of Space Sciences (ICE/CSIC and IEEC), Campus UAB, Carrer de Can Magrans, s/n, 
08193 Bellaterra (Barcelona), Spain

Symmetry 2019, 11(1), 35; https://doi.org/10.3390/sym11010035
arXiv:1810.12416 [physics.hist-ph]

https://doi.org/10.3390/sym11010035
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 Univ. Chicago statistics Prof. Stephen Stigler (1980)
Stigler’s law of eponymy:

“No scientific discovery is named after its actual discoverer” 
 Hubble's law derived by Georges Lemaître at least two

years before Edwin Hubble
 Pythagoras Theorem was known to Babylonian

mathematicians one Millennium before Pythagoras
 Halley's comet was observed by astronomers since 240 BC
 Stigler recognizes the sociologist Robert K. Merton as the

discoverer of “Stigler's law”: it follows its own decree!

Stigler's law of eponymy



Acceleration: new singularities
According to the most recent and accurate astronomical observations, it is very likely that our 

universe had an origin from nothing (e.g., from a vacuum state of a tiny quantum system including 
space-time and a scalar field) some 13.8 billion years ago and is currently in accelerated expansion 

Recall the 2nd Friedmann Eq. Fluid

�̈�𝑎
𝑎𝑎

= −4π𝐺𝐺
3

(ρ+3𝑝𝑝
𝑐𝑐2

)+Λ𝑐𝑐2

3
p = 𝑤𝑤 ρ

Three possibilities for its fundamental parameter of state w  (w ≈ −1, obs.)
1. w=−1 cosmological constant case, the simplest and most natural in general relativity

• difficult to explain, need for a symmetry
• the cosmological constant problem

2. w>−1 so-called quintessence case
• ordinary, evolving scalar field

3. w<−1 the phantom case
• phantom field (negative kinetic energy)
• future singularities at finite (or infinite) time



1. If the universe is indeed in the LCDM era, it might remain in such era,
becoming asymptotically de Sitter, i.e., a regular universe

2. For a phantom or quintessence dark energy era, four finite-time futures:
a. Big Rip (for a phantom dominated universe) or Type I singularity,

R.R. Caldwell, Phys. Lett. B545 (2002) 23, and subsequent papers
In the limit t = ts (a finite value of time in the future) all quantities, as the scale
factor, effective energy density and pressure of the universe diverge

b. Sudden Singularity, or Type II, discovered in J.D. Barrow, Class. Quant.
Grav. 21 (2004) L79
In the limit t = ts only the effective pressure of the universe becomes infinite

c. Type III future singularity
For  t = ts both effective energy density and pressure of the universe diverge



d. Type IV future singularity
In the limit t = ts scale factor, effective energy density, pressure do not diverge.
However, higher derivatives of H become divergent, as discovered in

S. Nojiri, S.D. Odintsov, S. Tsujikawa, Phys. Rev. D71 (2005) 063004
where a full classification was given. Eventually, the universe may survive the
passage through a type IV singularity Sudden Singularity, or type II, discovered in
J.D. Barrow, Class. Quant. Grav. 21 (2004) L79

3. Little Rip universe, where the future singularity occurs at infinite time
Typically, when the scale factor increases rapidly, as a(t) = exp[exp(t)] or higher exp

P.H. Frampton, K.J. Ludwick and R.J. Scherrer, Phys. Rev. D84 (2011) 063003
I. Brevik, E. Elizalde, S. Nojiri, S.D. Odintsov, Phys. Rev. D84 (2011) 103508

 Different combinations also possible, as an oscillating universe (bounce)

 Quantum gravity effects may affect this future evolution, preventing a Big Rip by
quantum effects, E. Elizalde, S. Nojiri, S.D. Odintsov, Phys. Rev. D70 (2004) 043539
or by a similar Casimir-type effect
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• G. Cognola, E. Elizalde, S. Nojiri, S.D. Odintsov, L.
Sebastiani, S. Zerbini, Phys. Rev. D 77 (2008) 046009,
arXiv:0712.4017 [hep-th]

• E. Elizalde, S. Nojiri, S.D. Odintsov, L. Sebastiani, S.
Zerbini, Phys. Rev. D 83 (2011) 086006, arXiv:1012.2280
[hep-th]

• E. Elizalde, S.D. Odintsov, Phys. Lett. B 303 (1993) 240
• E. Elizalde, S.D. Odintsov, Phys. Lett. B 321 (1994) 199
• E. Elizalde, S.D. Odintsov, E.O. Pozdeeva, S.Y. Vernov,

Phys. Rev. D 90 (2014) 084001, arXiv:1408.1285 [hep-th]



V A Belinsky, E M Lifshitz and I M Khalatnikov
Usp. Fiz. Nauk 80 391 (1963) [Sov. Phys. Usp. 6 495 (1964)]; Adv. Phys. 12 185 (1963);
Phys. Rev. Lett. 24 76 (1970); Usp. Fiz. Nauk 102 463 (1970) [Sov. Phys. Usp. 13 745 (1971)]

The analytical behaviour of the general solutions of the Einstein equations in the 
neighborhood of a singularity exhibits  the enigmatic phenomenon of an oscillatory 
approach to the singularity which has later become known as the Mixmaster Universe

Misner C W Phys. Rev. Lett 22 1071 (1969)

Belinsky-Khalatnikov-Lifshitz (BKL) singularity
• Universe oscillates around a gravitational singularity in which time and space become 

equal to zero 
• The singularity is not artificially created by the simplifications made by the other 

special solutions, such as the Friedmann–Lemaître–Robertson–Walker, quasi-
isotropic, and Kasner solutions 

• One of the principal problems studied by the Landau group (to which BKL belong): 
• whether relativistic cosmological models necessarily contain a time singularity 
• or time singularity is an artifact of the assumptions used to simplify these models



Singularity Theorems: Roger Penrose, Stephen Hawking, … 

Theorem 1 (Big Bang). Let (M,g) a global hyperbolic spacetime satisfying Rab
χaχb ≥ 0  for all temporal vectors χa   (Einstein’s Eqs. with the strong energy condit.) 
If there exists a spatial Cauchy C² hypersurface, Σ, for which the trace of the
intrinsic curvature satisfies K<C<0, C const., then no temporal curve starting from
Σ and going towards the past can have a length that is larger than 3/|C|. 
All temporal geodesics to the past are incomplete. 
[This is to say, under the conditions observed in our Universe (Hubble’s law) and admitting
the validity of General Relativity, our Universe had a begining]

Theorem 2 (Black Holes). Let (M,g) a global hyperbolic space-time satisfying Rab kakb ≥ 0 for all
lightlike vectors ka (Einstein’s Eqs. with the strong or the weak energy condit’s.). Let us assume that there
exists a spatial Cauchy C² hypersurface, Σ, and a trapped surface, and let θ0 be the maximum value of the
expansion over it. If θ0 < 0, then there exists at least a lightlike geodesic, which cannot be extended to the
future, and which is orthogonal to the trapped surface. Moreover, the value of the affine parameter, up to 
the point where the geodesic is no further extensible, is less than 2/|θ0|.                                                                                                   
[The existence of a non-extensible lightlike geodesic implies that there will be a photon which, starting
from that surface and after a time of travel proportional to 2/c|θ0|, will fall into a future time singularity.                                         
In absence of a theory of quantum gravity we cannot know the physical nature of the singularity.]

R Penrose,”Gravitational collapse and space-time singularities”, Phys Rev Lett 14 (1965) 57
S Hawking, GFR Ellis, “The Large Scale Structure of Space-Time” (Cambridge U P, 1973)
RM Wald, “General Relativity” (U Chicago P, 1984);    R Geroch, Ann Phys 48 (1968) 526
http://www.hawking.org.uk/the-beginning-of-time.html



On the BGV (Borde,Guth,Vilenkin) Theorem

• Inflationary cosmological models seem to invalidate the 
conditions of the singularity theorems [1981-83: Guth, 
Linde, Albrecht, Steinhardt, Vilenkin]

• In the 80’s, it was attempted (without success) to 
construct models that, starting from an exact dS  
solutions would be past eternal

• In 1994 Borde and Vilenkin proved an extended theorem: 
inflationary spacetimes are past geodesically incomplete 
 an initial singularity



•Key assumption: the energy-momentum tensor 
obeys the weak energy condition (WEC)

•But: quantum corrections to inflationary models 
seem to violate such condition when quantum 
fluctuations result in an increase of the Hubble 
parameter: dH/dt > 0                                          
(essential for chaotic inflation to be eternal !)
•Thus, WEC must be gener. violated in those models!
•What opens the door to a scape from the BV theorem



•This was the motivation for Borde, Guth & Vilenkin:   
Inflationary Spacetimes Are Incomplete in Past 
Directions,” PRL 90 (2003) 151301

•As the title indicates, they recovered the result of BV’94
•One must start from a “quasi dS” with a minimal 
condition of  “averaged expansion”:        Hav > 0

•The theorem can be extended to extra dimensions
•And to cyclic models [2002: Steinhardt-Turok; as Hav > 0]
•As a consequence, in all cases one gets initial geodesic 
incompleteness !     an origin



Creation of the Universe
… out of nothing !

What’s ‘nothing’ ??
• In fundamental classical physics, GR:

de Sitter sol. is the zero-energy sol. of Einstein’s Eqs.
• In quantum physics:

The vacuum state of a quantum system
• Of quantum spacetime Krauss-Wilczek ‘15, nope!
• Of a scalar field Hamiltonian (Higgs, inflaton, …)



Epoch Time T / Energy Stages since the very beginning
Planck < 10−43 s > 1032 K

> 1019 GeV
Time during which physics is assumed to have been dominated
by quantum effects of gravity

GUT < 10−36 s > 1016 GeV The three forces of the Standard Model are unified

Inflationary

Electroweak
< 10−32 s 1028 – 1022 K

Space expands by a factor of 1026 over a time of 10−33 to 10−32 s. 
Universe cools from 1027 down to 1022 K. Strong Force becomes
distinct from the Electroweak Force

Quark > 10−12 s 1012 K
Forces of the Standard Model have separated, but quarks cannot
coalesce into hadrons: they form a quark-gluon plasma. 
Highest energies observable in the Large Hadron Collider

Hadron 10−6 s – 1 s 1010 – 109 K Quarks are bound into hadrons. Slight matter-antimatter-asymmetry
(baryon asym) results in elimination of anti-hadrons

Lepton 1 s – 10 s 109 K Leptons and anti-leptons in thermal equilibrium; neutrino decoupling

Photon 10 s – 1013 s; 
< 380 ky 109 – 103 K Universe consists of a plasma of nuclei, electrons and photons; 

temperatures remain too high for the binding of electrons to nuclei

Nucleosynthesis 10 s – 103 s 10 – .1 MeV
1011 – 109 K Protons and neutrons are bound into primordial atomic nuclei

Matter domination 47 ky – 10 Gy 104 K – 4 K Energy density of matter dominates radiation density and dark
energy, resulting in a decelerated metric expansion of space

Recombination 380 ky 4000 K Neutral atoms form. Photons are no longer in thermal equilibrium with
matter, the universe first becomes transparent. CMB originates
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