
ESO-VST: Fornax Cluster

Only a vision of the whole, like that of a saint, a madman, 
or a mystic, will permit us to decipher the true organizing 
principles of the universe.

Karl Schwarzschild



The Sewanee Review
Vol. 66, No. 3, The University of the South 1858-1958: 
The Centennial Symposia (Summer, 1958), pp. 413-422



«The question whether nebulae are external galaxies 
hardly any longer needs discussion. It has been answered 
by the progress of discovery. No competent thinker, 
with the whole of the available evidence before him, can now, it is 
safe to say, maintain any single nebula to be a star system of 
coordinate rank with the Milky Way. A practical certainty has been 
attained that the entire contents, stellar and nebular, of the sphere 
belong to one mighty aggregation, and stand in ordered mutual 
relations within the limits of one all-embracing scheme - all-
embracing, that is to say, so far as our capacities of knowledge 
extend. With the infinite possibilities beyond, science has no 
concern. »

1890: the prevailing view on spiral nebulae 

Agnes Clerke

Agnes Mary Clerke, The System of the Stars, Longmans, 
Green and Co., London, 1890.



Instrumentation boom in the early twentieth century

aǘΦ ²ƛƭǎƻƴ слΩΩ telescope(1908) Mt. Wilson мллΩΩ Hookertelescope(1917)

Isaac Roberts
Photograph

of M31 
(1887)

Vesto Slipher
Spectrograph
(1914)

M31

G. Hale



Heroic times: moving of the 60-inch on Mt. Wilson



2023 state of the art: ESO ExtremelyLarge Telescope



Vesto Slipher had been directed by Percival Lowell to collect spectra of nebulae. 

He was well aware of the significance of his observations. The velocities of nebulae 

showed up much larger than those of galactic stars. He deduced that these objects 

were located outside the Milky Way.

In his article of 1917 on Nebulae (Proceedings of the American Philosophical Society, vol. 

56, pp. 403-409), Slipher wrote: 

« It has for a long time been suggested that the spiral nebulae are stellar 

systems seen at great distances. This is the so-called ñisland universeò theory, 

which regards our stellar system and the Milky Way as a great spiral nebula 

which we see from within. This theory, it seems to me, gains favor in the 

present observations. »

In a letter sent to Slipher, Enjar Hertzsprung exhibited the same certainty:

« My [é] congratulations to your beautiful discovery of the great 

radial velocity of some spiral nebulae. It seems to me, that 

with this discovery the great question, if the spirals belong 

to the system of the milky way or not, is answered 

with great certainty to the end, that they do not. »

https://ned.ipac.caltech.edu/level5/Sept15/Freeman2/Freeman_contents.html

1917: island universes in the spectra of VestoSlipher



1917: the 'escape' of galaxies in Vesto{ƭƛǇƘŜǊΩǎspectra ?

Slipher, V.M., 1917, Nebulae, Proceedings of the 
American Philosophical Society, vol. 56, 403. expansion?

but

Velocities on average much 
higher than those of stars.
Out of 25 spirals, only 4 exhibit 
(modest) negative velocities.



Excusationon petitaΥ Ψmy data are correctΩ

Slipher, V.M., 1917, The Observatory, vol. 40, pp. 304-306 

Christian Doppler

Doubtson the nature 
of redshift ?

Fritz Zwicky
Tired light theory



April 26, 1920: the Great Debate

Harlow Shapley (Mt. Wilson Obs.)                             Heber Curtis (LickObs.)

Question
Onegalaxyonly Island universes



1917:{ƘŀǇƭŜȅΩǎsuper Milky Way

Henrietta Leavitt 
(1868 - 1921)

H. Shapley



April 26, 1920: the Great Debate

Harlow Shapley (Mt. Wilson Obs.)                             Heber Curtis (LickObs.)



1923: Edwin Hubble & the extragalacticnature of nebulae

Mt. Wilson 100 inch

Asseena century
later by HST



January 1, 1925: theΨŘƻƻƳǎŘŀȅΩ

XXXIII meeting of the
American Astronomical Society 

Washington, D.C., 30 Dec.1924 ς1 Jan. 1925
Participants: 77 (8 women; 69 men)
Number of papers presented: 36

Board:
President: W.W. Campbell 
Vice-Pres.: Ernest W. Brown 
Vice-Pres.: Heber D. Curtis 
Segretary: Joel Stebbins

Miss Cannon       

Russell               Shapley      Miss Payne     Stebbins

1000$

Curtis        Moulton          

Joel 
StebbinsJoel Stebbins reads Hubble's work



« What are galaxies? No oneknewbefore1900. 
Veryfew peopleknewin 1920. 
All astronomersknewafter 1924. »

Allan Sandage, 
The Hubble Atlas of Galaxies, Carnegie Institution of Washington, 1961.

Game over ?

Not at all true !



1923: van aŀŀƴŜƴΩǎpropermotions

M33 propermotionsdetectedby Adrian van Maanenin 1923. 
Arrows indicate the direction of motion of individual stars.

An angular displacement 
of 1'' in 10 years at the 
distance of 0.6 Mpc 
corresponds to a speed 
equal to that of light!!!

M31 rotation: V. Slipher



1922: the large distance of M31 deduced dynamically

Ap.J. 55, 406, 1922

Ernst Julius Öpik 
(1893ς1985)

Rotation curve of M31 from Rubin & Ford, (1970)



1922: the large distance of M31 deduced dynamically

r

r

D

Obs.

To derive the distance it is sufficient to know:
1. the observed rotational velocity, corrected for tilt, 

out to some angular distance from the center, and 
2. the luminosity within the corresponding isophote,
and assume a valuefor the mass-to-light ratio.

With the data in Öpik'spossession, the distance of 
M31 was found to be D= 450 kpc(now 779 kpc), so 
it is very large and much larger than the radius of 
the Milky Way, even using the value overestimated 
by Shapley.



1926: Hubble ςthe classificationof galaxies
Ap.J. 64, 321, 1926 



1936: Hubble, The Realmof the Nebulae

Time evolution

'Silliman' lectures at Yale University aimed at illustrating the presence and providence, 
wisdom and goodness of God as manifested in the natural and moral world.



Large-scale structure: discovery of galaxy clusters

William Herschel, On the Construction of the Heavens, 1785.

« That remarkable collection of many hundreds 
if nebulæwhich are to be seen in what I have 
called the nebulous stratum of Coma Berenices.»

Edwin Hubble, The Realmof the Nebulae, 1936.

Galaxies are «moderately uniform» and « no organization 
on a larger scale than the large clusters» is known. 

Fritz Zwicky

1933-1937: Fritz Zwicky and
two fundamentalpapersabout
the Coma Cluster



1917: 9ƛƴǎǘŜƛƴΩǎnew theory of gravitation

A. Einstein, 1917, 
KosmologischeBetrachtungenzurallgemeinen
Relativitätstheorie, 
Sitz. König. Preuss. Akad. 142-152.

Read at the Prussian Academy of Sciences, 
February 8, 1917.

Cosmological considerations in the general theory of Relativity, 
in Lorentz, H.A., Einstein, A., Minkowski, H., and Weyl, H., 1923, 

The Principle of Relativity: A Collection of Original Memoirs on 
the Special and General Theory of Relativity, Metheunand Co., 

New York (reprint: Dover, 1952: 175-188).



A beautiful review article

The European Physical Journal, vol. 42, pp. 431ς474. 
https://arxiv.org/ftp/arxiv/papers/1701/1701.07261.pdf



1917: 9ƛƴǎǘŜƛƴΩǎpre-conceptsĄ staticity

A letter that Einstein (Feb. 4, 1917) wrote to Paul Ehrenfest indicates 

the excited and at the same time uncertain condition of doubt:

« I have also done something wrong again in the theory of gravitation, 

which puts me a little in danger of being interned in a madhouse. 

Hopefully you do not have one in Leiden, that I can visit you again 

without danger. It's a pity that we don't live on Mars and that we can 

only observe the evil human behavior with the telescope. »

Paul Ehrenfest(centro) con alcuni studenti, Leida 1924Baruch Spinoza (1632-1677)

E. Fermi
Deus sivenatura



bŜǿǘƻƴΩǎ ƛƴŦƛƴƛǘŜ universe: doesit collapse?

Newton to Richard Bentley(First letter, Dec. 10, 1692)

« As to your first Query, it seems to me that if the matter of our Sun & 
Planets & all the matter in the Universe was eavenlyscattered 
throughout all the heavens, & every particle had an innate gravity 
towards all the rest & the whole space throughout which this matter 
was scattered, was but finite: the matter on the outside of this space 
would by its gravity tend towards all the matter on the inside & by 
consequence fall down to the middle of the whole space & there 
compose one great spherical mass. But if the matter was eavenly
diffused through an infinite space, it would never convene into one 
mass but some of it convene into one mass & some into another so as 
to make an infinite number of great masses scattered at great 
distances from one another throughout all that infinite space. And 
thus might the Sun and fixed stars be formed supposing the matter 
were of a lucid nature. »

Richard Bentley



bŜǿǘƻƴΩǎ ƛƴŦƛƴƛǘŜ universe: doesit collapse?

Newton to Richard Bentley(First letter, Dec. 10, 1692)

« As to your first Query, it seems to me that if the matter of our Sun & 
Planets & all the matter in the Universe was eavenlyscattered 
throughout all the heavens, & every particle had an innate gravity 
towards all the rest & the whole space throughout which this matter 
was scattered, was but finite: the matter on the outside of this space 
would by its gravity tend towards all the matter on the inside & by 
consequence fall down to the middle of the whole space & there 
compose one great spherical mass. But if the matter was eavenly
diffused through an infinite space, it would never convene into one 
mass but some of it convene into one mass & some into another so as 
to make an infinite number of great masses scattered at great 
distances from one another throughout all that infinite space. And 
thus might the Sun and fixed stars be formed supposing the matter 
were of a lucid nature. »

Richard Bentley

But why the Sunis «lucid» 
and the Earth is not?



Gravity in a Newtonianinfinite universe

Due to symmetry:

on anysphere, 
thusevenat the infinity.

But if we movethe 
center of the 

concentricspheres
from Pto Q
(arbitrary):

INFINITY?

In an infinite andhomogeneousNewtonianuniverse
the force of gravitycannotbe calculated!
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Conditioned vs. absolute convergence

x

y
+1

-1

Conditioned 
convergence

it is null for an infinitedistribution of 
matter, while

but



A homogeneous & isotropic static universe 
should be empty

Therefore, if a Newtonian universe (homogeneous and isotropic) 
were static, it should have zero mass!

A clever wayoutproposed by Carl Neumann, Hugo von Seeliger, and 
William Thomson: 

Ð2F-lF =  4pGr

static                                                                    empty

a)

b)

cosmic constant

Poisson equation:

II principle of dynamics:

[ŜǘΩǎ ŀǎǎǳƳŜ ǘƘŀǘΥconst.



Einstein universe hypotheses

Restricted Cosmological Principle: the universe has the same 
properties at each point and in any direction, that is, it is spatially 
homogeneous and isotropic. This implies that it is maximally 
symmetric in spatial sense and that its properties may evolve 
with time.

Perfect Cosmological Principle: the space-time is homogeneous 
and isotropic.

Einstein pretends that the universe is:
Åfinite (spherical)
Åstatic

cosmological
constant L> 0

Observations            Metaphysics

Isotropy   +   Copernican Principle  =  Homogeneity



1917: de Sitter model with zero density and L> 0

Willem de Sitter quickly shows that General Relativity equations 
(with cosmologicalconstant) are compatible with an expanding 
universe(empty, with positive constant curvature).
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a = a0 eHtWillem de Sitter 



AlexandrFriedmann solved the field equations for an 
(initially) spherical model without cosmological constant, 
in which the scale factor Ris allowed to vary with time.

Friedmann (1923-25) models(L= 0)



critical density(k = 0) 

Friedmann (1923-25) models(L= 0)



Scale ŦŀŎǘƻǊΩǎevolution

Originin (of) time

Closed
universe

Euclidean
universe

Open 
universes

Limit of the 
Friedmann 
universe



Einstein's criticism of Friedmann

Einsteinreacted to Friedmann'sarticle with a short άRemark 
on the work of A. Friedmann (Friedmann 1922) on the 
curvature of spaceέ (Zeitschrift für Physik, Sept. 1922):

«The work cited contains a result concerning a non-stationary 
world which seems suspect to me. Indeed, those solutions 
do not appear compatible with the field equations. »

Friedmannentrusted the response to his friend Yuri Krutkov
who happened to visit to Leiden for the farewell lecture of 
Lorentz (attended by Einstein too).
The mission was successful. Krutkovwrote to his sister: 

« On Monday, May 7, 1923, I was reading, together with Einstein, 
Friedmann'sarticle in the Zeitschrift für Physik. » 

On May 18: « I defeated Einstein in the argument about    
Friedmann. Petrograd's honoris saved! »



Einstein's retraction

In May 1923 Einsteinpublished a brief corrigendum in the
Zeitschrift für Physik:

« I have in an earlier note (Einstein 1922) criticized 
the cited work (Friedmann 1922). My objection rested however -
as Mr. Krutkoffin person and a letter from Mr. Friedmann 
convinced me - on a calculationalerror. I am convinced that 
Mr. Friedmann'sresults are both correct and clarifying. 
They show that in addition to the static solutions to the field 
equations there are time varying solutions with a spatially 
symmetric structure. »



Yetit movesΧΦ

The promotion of mathematical treatment did not mean 
that Einstein gave a physical value to the dynamic solutions. 
In fact, in the original manuscript of the rectification sent to 
the Zeitschrift für Physik, the (unpublished) clasp reads:
« ... to which it is hardly possible to give 

a physical meaning! »

https://blogs.futura-sciences.com/e-luminet/2015/
05/03/rise-big-bang-models-3-friedmanns-dynamical-solutions/



Einstein 1917: excusationon petita

« In any case, this view is logically contradiction-free and from 
the point of view of the general relativity-theory, it is the most 
obvious one;whether it, from the point of view of today's 
astronomical knowledge, is tenable, shall not be examined 
here. »

Einsteinhad closed his seminal 1917 article with these 
words:

Almosta platonicattitude!!! 



Einstein 1917: another (serious) oversight?

Einsteindid not realize (?) that his model of the universe is 
highly unstable with respect to perturbations in the density 
of matter: a slight increase in density would trigger 
inexorable contraction, while a slight decrease would cause 
uncontrolled expansion.

https://www.researchgate.net/publication/221
719830_Einstein%27s_static_universe



1930: Einstein ƳƻŘŜƭΩǎstability

Eddington, A., 1930, On the Instabilityof 9ƛƴǎǘŜƛƴΩǎSphericalWorld, MNRAS 90, 668E

Arthur Eddington 
(1882-1944)

QUESTION:
Isit stable?

ANSWER: 
LIsmathematically
foundedbut ΧΦ

BUT:
If the universeis
spherical, uniform, and 
static, the the solutionis
uniquebut Χ



Descentto the field of Georges Lemaître (1894-1966)

Lemaître lecturing in Leuven.



Lemaître, G., 1927, Un univershomogènede masse constanteet de rayon 
croissant, rendantcomptede la vitesseradialedes nébuleuses
extragalactiques, Annales de la SociétéScientifiquede Bruxelles, 47, 49.

1927: [ŜƳŀƞǘǊŜΩǎ ƳƻŘŜƭ(άƘŜǎƛǘŀǘƛƴƎ ǳƴƛǾŜǊǎŜέύ 

Produces exact solutions of Einstein's equations assuming:
- positively curved space (with elliptic topology),
- time-varying density and pressure of matter & 
- nonzero (positive) cosmological constant.

in French !!!



1927: Lemaître and the primevalatom

Millikan (left),  Lemaître (center) andEinstein (right): January1933

PiusXI RattiManuscript, Université de Louvain

PiusXII 
Pacelli



«The atom-world was broken into fragments, each  
fragment into still smaller pieces [...] The evolution of 
the world can be compared to a display of fireworks 
that has just ended: some few red wisps, ashes and 
smoke. Standing on a cooled cinder, we see the slow 
fading of the suns, and we try to recall the vanishing 
brilliance of the origin of the worlds. »

1927: Lemaître and the primevalatom

Jean-Pierre Luminet, [ŜƳŀƞǘǊŜΩǎ Big
Banghttps:// arxiv.org/ftp/arxiv/papers/1503/1503.08304.pdf



1931: Lemaître's model and 
its connection to quantum physics

« SIR ARTHUR EDDINGTON states that, philosophically, the notion 
of a beginning of the present order of Nature is repugnant to 
him. I would rather be inclined to think that the present state of 
quantum theory suggests a beginning of the world very different 
from the present order of Nature. Thermodynamicalprinciples 
from the point of view of quantum theory may be stated as 
follows: (1) Energy of constant total amount is distributed in 
discrete quanta. (2) The number of distinct quanta is ever 
increasing. If we go back in the course of time we must find 
fewer and fewer quanta, until we find all the energy of the 
universe packed in a few or even in a unique quantum. »

G. Lemaître, 1931, The beginning of the world from the point of view of 

quantum theory, Nature 127, 706.



1931: Lemaître's model and 
its connection to quantum physics

« Now, in atomic processes, the notions of space and time are no 
more than statistical notions; they fade out when applied to 
individual phenomena involving but a small number of quanta. If 
the world has begun with a single quantum, the notions of space 
and time would altogether fail to have any meaning at the 
beginning; they would only begin to have a sensible meaning 
when the original quantum had been divided into a sufficient 
number of quanta. If this suggestion is correct, the beginning of 
the world happened a little before the beginning of space and 
time. I think that such a beginning of the world is far enough 
from the present order of Nature to be not at all repugnant.»

G. Lemaître, 1931, The beginning of the world from the point of view of 

quantum theory, Nature 127, 706.

continuation



1927: Lemaître andthe Hubble law

« Utilisant les 42 nébuleuses extra-galactiquesfigurant 
dans les listes de Hubble et de Strömberg, et tenant 
compte de la vitesse propre du Soleil, on trouve une 
distance moyenne de 0,95 millions de parsecs et une 
vitesse radiale de 600 km/s, soit 625 km/s à 106 parsecs. 
bƻǳǎ ŀŘƻǇǘŜǊƻƴǎ ŘƻƴŎ wΩκw Ґ Ǿκrc = 0,68́10-27 cm-1

(Eq. 24). »

H0

Lemaître, G., 1927, Un univershomogènede masse constanteet de rayon 
croissant, rendantcomptede la vitesseradialedes nébuleuses
extragalactiques, Annales de la SociétéScientifiquede Bruxelles, 47, 49.

ORIGINAL TEXT in French



1927: Lemaître and the Hubble law

« Using the 42 extra-galactic nebulae listed by Hubble and 
Strömberg, and taking into account the Sun's own speed, 
we find an average distance of 0.95 million parsecs and 
a radial velocity of 600 km/s, or 625 km/s at 106 
parsecs. We therefore adopt RΩκw Ґ Ǿκrc = 0,68́10-27

cm-1 (Eq. 24). »

H0

Hubble constant

Lemaître, G., 1927, Un univershomogènede masse constanteet de rayon 
croissant, rendantcomptede la vitesseradialedes nébuleuses
extragalactiques, Annales de la SociétéScientifiquede Bruxelles, 47, 49.



Lemaître's model: 
the mystery of English translation

When Eddington, concerned about the instability of Einstein's 
model, learned of Lemaître's work in 1930, he requested that an 
English translation be made for the Monthly Notices of the Royal 
Astronomical Society(1931). 

Lemaîtrehimself inexplicably replaced 
the paragraph on cosmic expansion with:

« From a discussionof availabledata, 
weadoptwΩκw Ґ лΣсу´10-27 cm-1 (Eq. 24). »



Lemaître's model: reactions

Eddington's reaction: 
« Philosophically, the notion of a beginning of 

the present order of Nature is repugnant. » 
(Nature127 (1931): 450).

9ƛƴǎǘŜƛƴΩǎreactions: «Your calculations are correct, but your 
understanding of physics is abominable » (SolveyConf. 1927), 
and, the assumptionof the primevalatom is (California,1932):  
« inspired by the Christian dogma of creation and 

unjustified at the scientific level. [ΧϐThis entire deal 
resembles too much the Book of Genesis; we easily see 
that you are a priest. »

But in 1933, at the end of Lemaître's lecture at the Mount 
Wilson Observatory in California, Einsteinstood up and said: 
« This is the most beautiful and satisfactory explanation 

of  creation that I have ever heard. »



Lemaître's model: intuitions

Lemaîtrekept the point. In Evolution of the expanding universe, 
published in the Proceedings of the National Academy of 
Science, USA (1934), he had an early insight into the cosmic 
microwave backgroundas fossil radiation of the primeval atom:

CMBR

« If all the atoms of the stars were equally distributed through
space there would be about one atom per cubic yard, or the 
total energy would be that of an equilibrium radiation at the 
temperature of liquid hydrogen. »



The (in)consistencyof cosmological models 
with the age of the universe
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1929: Hubble (re)discoversthe distance-redshift relation


