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 The Universe hundred years ago
 The beginning of Modern Cosmology
 The Big Bang: what it is? -- Singularity, inflation, models
 Cosmological constant and zero-point energy
 A few words on zeta functions
 ΛCDM and some open problems
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The expansion of the Universe: 
One of the most important 

discoveries in all of Human History  
1st cosmological revolution of the 20th Century  

(1912-1932)
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Vesto Slipher

Edwin Hubble

1st cosmological revolution 1912-32

Henrietta
Leavitt
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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

Carl Wirtz (later)
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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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Einstein field equations with Λ
“Die Gröβte Eselei meines Lebens...”  (Gamov)

Beginning of (Theoretical) Modern Cosmology

 Universe:  eternal
 Universe =  Milky Way
 Universe:  static why?
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 Case of Newton's gravitation, same
phenomenon,  tries to find a solution
introducing, next to the Laplacian of Poisson’s
equation, a “universal constant” λ

 And proceeding analogously, p 151 he
introduces the same type of universal constant,
“eine vorläufig unbekannte universelle
Konstante” (“a universal constant, unknown for
the moment”), the cosmological constant

E Gaztañaga
2003.11544



Name or Title or Xtra

Institute of 
Space Sciences

Heber D. Curtis 
(1872-1942).

Harlow Shapley
(1885-1972)

Museum of Natural History, Smithsonian 
Institution Washington DC., USA 

Baird 
AuditoriumApr 26, 1920
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 "The scale of the universe"
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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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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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 Vesto Slipher was the first to clearly notice, in 1914, that the universe could hardly be static

 Albert Einstein first established the theoretical framework, GR in 1915 and applied his 
equations in 1917, for the first time, to describe the universe

 Willem de Sitter was the first to find, in 1917, a solution of GR that describes an expanding 
universe, but containing no matter or energy (was dismissed as a toy model)

 Alexandr Friedmann was the first, in 1922, to clearly say that our universe could be 
expanding, since he had found a solution to GR that could be interpreted as corresponding 
to a universe, with the characteristics of ours, which expands

 Georges Lemaître was the first to formulate, in 1927, a scientific theory for an (eternal) 
universe. He linked astronomical data---e.g. speeds (Slipher redshifts) and distances (Hubble 
table), to get an empirical law of proportionality (two years before Hubble, who did it in 
1929)---with a Friedmann solution to GR, which Lemaître himself had rediscovered in 1925 

https://www.enciclopedia.cat/divulcat/Emili
-Elizalde
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How did the “Big Bang” get its name ?
• 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”
• BBC radio's Third Programme broadcast on 28 Mar 1949:                 

“… for this to happen you would need such a Big Bang!”

http://www.bbc.co.uk/science/space/universe/scientists/fred_hoyle



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 



But there is another meaning for BB:        

The Big Bang Singularity !!



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





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, …)
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The cosmic expansion accelerates! 
Another of the most important 

discoveries in all of Human History  
2nd cosmological revolution of the 20th Century  

(1985-2005)
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A. Einstein, “Zum kosmologischen Problem” 
(On the cosmological problem)   prob. Jan, 1931
Note, Archives of the Hebrew University of Jerusalem
A failed attempt at constructing a steady state model

"If you consider a physically limited volume, the particles of 
matter will continually leave it. In order for the density to 
remain constant, it is necessary for new particles of matter to 
be continuously produced in the volume, from the space itself”.

O’Raifeartaigh, et al. Einstein’s steady-state 
model of the universe, ArXiv 1402.0132; 

  Hoyle, Bondi, Gold, 1948



Zero point energy

QFT vacuum to vacuum transition: 〈0|H|0〉
Spectrum, normal ordering (harm oscill):

H =
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gives ∞ physical meaning?

Regularization + Renormalization ( cut-off, dim, ζ )

Even then: Has the final value real sense ?



F Yndurain, A Slavnov
"As everybody knows ..."





Multipl or N-Comm Anomaly, or Defect
Given A, B, and AB ψDOs, even if ζA, ζB, and ζAB exist,
it turns out that, in general,

detζ(AB) 6= detζA detζB

The multiplicative (or noncommutative) anomaly (defect)
is def ned as

δ(A,B) = ln

[
detζ(AB)

detζ A detζ B

]
= −ζ ′AB(0) + ζ ′A(0) + ζ ′B(0)

Wodzicki formula

δ(A,B) =
res

{
[ln σ(A,B)]2

}

2 ordA ordB (ordA+ ordB)

where σ(A,B) = AordBB−ordA

Eli
Resaltado

Eli
Resaltado

Eli
Resaltado
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An open problem: 
The precise value of the Hubble 

constant  H0

Local value  vs.  cosmological result
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Large Magellanic Cloud Cepheid Standards Provide a 1% Foundation for the Determination of the 
Hubble Constant and Stronger Evidence for Physics Beyond LambdaCDM
Adam G. Riess, Stefano Casertano, Wenlong Yuan, Lucas M. Macri, Dan Scolnic (Submitted on 18 Mar 2019 (v1), last revised 27 Mar 2019 (this version, v2))

We present an improved determination of the Hubble constant (H0) from Hubble Space Telescope (HST) observations 
of 70 long-period Cepheids in the Large Magellanic Cloud. These were obtained with the same WFC3 photometric 
system used to measure Cepheids in the hosts of Type Ia supernovae. Gyroscopic control of HST was employed to 
reduce overheads while collecting a large sample of widely-separated Cepheids. The Cepheid Period-Luminosity 
relation provides a zeropoint-free link with 0.4% precision between the new 1.2% geometric distance to the LMC from 
Detached Eclipsing Binaries (DEBs) measured by Pietrzynski et al (2019) and the luminosity of SNe Ia. 
Measurements and analysis of the LMC Cepheids were completed prior to knowledge of the new LMC distance. 
Combined with a refined calibration of the count-rate linearity of WFC3-IR with 0.1% precision (Riess et al 2019), 
these three improved elements together reduce the full uncertainty in the LMC geometric calibration of the Cepheid 
distance ladder from 2.5% to 1.3%. Using only the LMC DEBs to calibrate the ladder we find H0=74.22 +/- 1.82 
km/s/Mpc including systematic uncertainties, 3% higher than before for this particular anchor. Combining the LMC 
DEBs, masers in NGC 4258 and Milky Way parallaxes yields our best estimate: H0 = 74.03 +/- 1.42 km/s/Mpc, 
including systematics, an uncertainty of 1.91%---15% lower than our best previous result. Removing any one of these 
anchors changes H0 by < 0.7%. The difference between H0 measured locally and the value inferred from Planck 
CMB+LCDM is 6.6+/-1.5 km/s/Mpc or 4.4 sigma (P=99.999% for Gaussian errors) in significance, raising the 
discrepancy beyond a plausible level of chance. The Astrophysical Journal, 876:85, 2019 May 1 

https://doi.org/10.3847/1538-4357/ab1422

https://arxiv.org/search/astro-ph?searchtype=author&query=Riess,+A+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Casertano,+S
https://arxiv.org/search/astro-ph?searchtype=author&query=Yuan,+W
https://arxiv.org/search/astro-ph?searchtype=author&query=Macri,+L+M
https://arxiv.org/search/astro-ph?searchtype=author&query=Scolnic,+D
https://arxiv.org/abs/1903.07603v1
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Planck 2018 results. VI. Cosmological parameters
Planck Collaboration (Submitted on 17 Jul 2018)
We present cosmological parameter results from the final full-mission Planck measurements of 
the CMB anisotropies. We find good consistency with the standard spatially-flat 6-
parameter ΛCDM cosmology having a power-law spectrum of adiabatic scalar perturbations 
(denoted "base ΛCDM" in this paper), from polarization, temperature, and lensing, separately 
and in combination. A combined analysis gives dark matter density Ωch2=0.120±0.001, baryon 
density Ωbh2=0.0224±0.0001, scalar spectral index ns=0.965±0.004, and optical 
depth τ=0.054±0.007 (in this abstract we quote 68% confidence regions on measured 
parameters and 95% on upper limits). The angular acoustic scale is measured 
to 0.03% precision, with 100θ∗=1.0411±0.0003. These results are only weakly dependent on 
the cosmological model and remain stable, with somewhat increased errors, in many commonly 
considered extensions. Assuming the base-ΛCDM cosmology, the inferred late-Universe 
parameters are: Hubble constant H0=(67.4±0.5)km/s/Mpc; matter density 
parameter Ωm=0.315±0.007; and matter fluctuation amplitude σ8=0.811±0.006. We find no 
compelling evidence for extensions to the base-ΛCDM model. (Abridged)

https://arxiv.org/search/astro-ph?searchtype=author&query=Planck+Collaboration
Eli
Resaltado
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The Carnegie-Chicago Hubble Program. VIII. An Independent Determination of 
the Hubble Constant Based on the Tip of the Red Giant Branch

Wendy L. Freedman, Barry F. Madore, Dylan Hatt, Taylor J. Hoyt, In-Sung Jang, Rachael L. Beaton, Christopher R. Burns, Myung
Gyoon Lee, Andrew J. Monson, Jillian R. Neeley, Mark M. Phillips, Jeffrey A. Rich, Mark Seibert (Submitted on 12 Jul 2019)
We present a new and independent determination of the local value of the Hubble constant based on a calibration of the Tip of the 
Red Giant Branch (TRGB) applied to Type Ia supernovae (SNeIa). We find a value of Ho = 69.8 +/- 0.8 (+/-1.1\% stat) +/- 1.7 (+/-
2.4\% sys) km/sec/Mpc. The TRGB method is both precise and accurate, and is parallel to, but independent of the Cepheid distance 
scale. Our value sits midway in the range defined by the current Hubble tension. It agrees at the 1.2-sigma level with that of the 
Planck 2018 estimate, and at the 1.7-sigma level with the SHoES measurement of Ho based on the Cepheid distance scale. The 
TRGB distances have been measured using deep Hubble Space Telescope (HST) Advanced Camera for Surveys (ACS) imaging of 
galaxy halos. The zero point of the TRGB calibration is set with a distance modulus to the Large Magellanic Cloud of 18.477 +/-
0.004 (stat) +/-0.020 (sys) mag, based on measurement of 20 late-type detached eclipsing binary (DEB) stars, combined with an 
HST parallax calibration of a 3.6 micron Cepheid Leavitt law based on Spitzer observations. We anchor the TRGB distances to 
galaxies that extend our measurement into the Hubble flow using the recently completed Carnegie Supernova Project I sample 
containing about 100 well-observed SNeIa. There are several advantages of halo TRGB distance measurements relative to Cepheid 
variables: these include low halo reddening, minimal effects of crowding or blending of the photometry, only a shallow (calibrated) 
sensitivity to metallicity in the I-band, and no need for multiple epochs of observations or concerns of different slopes with period. In 
addition, the host masses of our TRGB host-galaxy sample are higher on average than the Cepheid sample, better matching the 
range of host-galaxy masses in the CSP distant sample, and reducing potential systematic effects in the SNeIa measurements.

The Astrophysical Journal, 882:34, 2019 Sep 1 
https://doi.org/10.3847/1538-4357/ab2f73

https://arxiv.org/search/astro-ph?searchtype=author&query=Freedman,+W+L
https://arxiv.org/search/astro-ph?searchtype=author&query=Madore,+B+F
https://arxiv.org/search/astro-ph?searchtype=author&query=Hatt,+D
https://arxiv.org/search/astro-ph?searchtype=author&query=Hoyt,+T+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Jang,+I
https://arxiv.org/search/astro-ph?searchtype=author&query=Beaton,+R+L
https://arxiv.org/search/astro-ph?searchtype=author&query=Burns,+C+R
https://arxiv.org/search/astro-ph?searchtype=author&query=Lee,+M+G
https://arxiv.org/search/astro-ph?searchtype=author&query=Monson,+A+J
https://arxiv.org/search/astro-ph?searchtype=author&query=Neeley,+J+R
https://arxiv.org/search/astro-ph?searchtype=author&query=Phillips,+M+M
https://arxiv.org/search/astro-ph?searchtype=author&query=Rich,+J+A
https://arxiv.org/search/astro-ph?searchtype=author&query=Seibert,+M
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The Astrophysical Journal, 882:34, 2019 
https://doi.org/10.3847/1538-4357/ab2f73
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Phys Rev D102, 123501 (2020) 
arXiv:2006.01879

Analysis of the H0 tension problem in the Universe with viscous dark fluid
Emilio Elizalde, Martiros Khurshudyan, Sergei D. Odintsov, and Ratbay Myrzakulov

Phys. Rev. D 102, 123501

ABSTRACT

Two inhomogeneous single-fluid models for the Universe, which are able to naturally solve the H0 tension 
problem, are discussed. The analysis is based on a Bayesian Machine Learning approach that uses a 
generative process. The method here adopted allows for constraint of the free parameters of each model by 
making use of the model itself only. The observable is taken to be the Hubble parameter, obtained from the 
generative process. Using the full advantages of our method, the models are constrained for two redshift 
ranges. Namely, first this is done with mock H(z) data over z∈[0,2.5], thus covering known H(z) observational 
data, which are most helpful to validate the fit results. Then, aiming to extend to redshift ranges to be 
covered by the most recent ongoing and future planned missions, the models are constrained for the 
range z∈[0,5], too. Full validation of the results for this extended redshift range will have to wait for some 
years, for when higher-redshift H(z) data become available. This makes our models fully falsifiable. In 
addition, our second model is able to explain the BOSS reported value for H(z) at z=2.34.
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arXiv:2007.02369

Interplay between Swampland and Bayesian Machine Learning 
in constraining cosmological models
Emilio Elizalde and Martiros Khurshudyan

The European Physical Journal C 81, 335 (2021)
Abstract
Constraints on a dark energy dominated Universe are obtained from an interplay Bayesian (Probabilistic) Machine 
Learning and string Swampland criteria. Unlike in previous studies, here, the field traverse itself has been used to 
constraint the theory and reveal its connection to the Swampland approach. The field traverse based Bayesian 
(Probabilistic) Learning approach is applied to two toy models. A parametrization of the Hubble constant is used for the 
first model, while a parametrization of the deceleration parameter is considered for the second one. The results obtained 
here allow to estimate how the high-redshift behavior of the Universe will affect the low-redshift one. Moreover, the 
adopted approach may highlight, in the future, the borders of the Swampland for the low-redshift Universe and help to 
develop new string-theory motivated dark energy models. The most important message from our study is a hint that the 
string Swampland criteria might be in tension with recent observations indicating that phantom dark energy cannot be in 
the Swampland. Finally, another interesting result obtained in our study is a spontaneous sign switch in the dark energy 
equation of state parameter when the field traverses are in the z∈[0,5] redshift range, a remarkable phenomenon 
requiring further analysis.
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“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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