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Overview

# Historical context

Biographical context of the paper
Scientific context of the paper

# Einsteinbdés 1917 model of
Basic assumptions
Thecosmologicatonstant term
Theoretical and empirical issues
o Receptign rhe Curious Hlstury nf
The deStter model
The nonstatic cosmologies ¢friedman and_emaitre

RELATIVITY

Theory of g rywl'

Coda: The Einstein World today



Historical context

# Appointed to Berlin Chair

Arrives April1914
Family leave Berlin, June 1914

# World War | (1914-18)
Living alone, food shortages
Dietary problems, illness

# Second Omiracul ousod pe

Covariant field equations (1915)
Exposition, solutions and predictions (1916)
First relativistic model of the cosmos (1917)
Paperson gravitationalwaves

Papers on the quantum theory of radiation Einstein in Berlin (1916)
Papers on unified field theory




The road to general relativity

’F,\ Wail Alnloihire

The general principle of relativity (1907) e
Relatlvrtyand accelerated motlon’) allgemeinen Relativitatstheorie

A Einstein

The principle of equivalence
Equivalence of gravity and acceleration e

The principle of Mach A

Relativity of inertia
Structure of space determined by matter

A long road (19071915) o2
Gravity = curvature ofspacetime
Covariant field equations? - (



Relativistic cosmology (191%7)

311. To Willem de Sitter

# A natural progression

[Berlin, before 12 March 1917]!)

Ultimatetest for new theory ajravitation Dear Colleage

I am terribly sorry that you have health complaints and are confined to bed.?
I hope you will soon recover. There is something amiss with me too,!l but at
least I am allowed to go about my normal business. Furthermore, it is bad
that they have chosen M. instead of K. for Potsdam, in spite of the Academy's

‘ Prl nCI ple 1. StaSIS recommendation!*! Al who mean well in the matter are unhappy about it. It is

unclear what forces are to blame in this. There is talk of von Seeliger!*
ASSU me Statlc d IStrI butlon Of matter Now to our problem! From the standpoint of astronomy, of course, I have
erected but a lofty castle in the air.’” For me, though, it was a burning question
whether the relativity concept can be followed through to the finish or whether
it leads to contradictions. I am satisfied now that I was able to think the idea
through to completion without encountering contradictions. Now I am no longer
‘ P rl n CI ple 2 J u n Ifo rm Ity plagued with the problem, while previously .it gave Ime no peace. Whether t.h(-
¥ mode! I formed for myself corresponds to reality is another question, about which
we shall probably never gain information. On the value of R, I contemplated the

Assumaeuniform distribution of matter following,"

# Principle3:Machos principle
No such thing as empty space

# Boundary conditions at infinity?
What are the of®@t2ural 0




Cosmological Considerations (1917)

Doc. 43

Cosmological Considerations in the General Theory of Relativity

This translation by W. Perrett and G. B, Jeffery is reprinted from H. A. Lorentz et

al., The Principle of Relativity (Dover, 1952), pp. 175—188.

 V=4nEp . . . . (D)
in combination with the equstions of mation of & material
point is not as yet o perfect substitute for Newton's theory
of action st o distance. There is still to be taken into account
the condition that st spatial infinity the potential ¢ tends
toward & fixed limiting value. There is an analogous state
of things in the theory of grawitation in geners! relstivity,
Here, too, we must supplement the differential equations by
limiting conditions st spatial infinity, if wo really bave to
regard the universe oa besng of infinite spatinl extent,

In my treatment of the planetary problem I choss these
limiting conditions in the form of the following assumption :
it is posaible to select & gystem of reference so that ot spatial
infinity all the gravitational potentiale g,, besome constant.
But it i by no means evident @ priori thal we may sy down
the same limiting conditions when we wish to teke larger
portions of the physical aniverse into congiderstion. In the
following pages the reflexions will be given which, up to the
present, I have made on this fundsmentally important
quesiion.

IT is well known that Poisson's equation

§ 1. The Newtonian Theory

It is well known that Newton's limiting condition of the
constant limit for ¢ at spatial infinity leads to the view that
the density of mabler mes vero sb infinity, For we
imagine that thees may be & place in aniversal space round
abont which the gravitational field of matter, viewed on a
Inzge scale, possesses spherical . It thea follows
from Poisson’s eguation tbai,;notdcrtht¢mymdto|

142 Ssomng ey physibalisetimathonmtisden Risee v 5, Fehirume 18917

Kosmologische Betrachtungen zur allgemeinen
Relativititstheorie.

Von A. Emsstems.

‘
[',- st wolilbeksont, daf die Possosselie Differentialgleichung
g = 4xA¢ (1)

in Verbindung ot der Bowegungseleichung iles mateviellen Punktes
die Newrossehe Fernwirbungstheorie noch nicht vollstSondig ersetzt
Fs mulf poch die Bedingung binzutreten, dnfi i rdumlich Unend-
lichen das Potential & vinem festen Grenzwerte zostrelie \nalog vers
WAt ¢s siel bed der Geavitationstheorie der allgemeinen Relativitic
nueh hicr miissen xu den Differcntislgleichungen Grenzbedingungen
tinzntreten Gir dis sdomlich Usnendliche, Calls man die Walt wirklich
als viinmlich unendlieh susgeslelint anzusehen hnt

Bei der Behandlung des Planetenproblems habe iel dhese Grenzbes
dingungen in Gestalt folgender Annabime gewhhilt: 15 st moglich, ein
Beangssy=tem se 20 wahlen. dad shmtliche Graviestionspotentinle o
i rdumdich Unendlichen konstant wonden,  Fs ist aber o priosi durch.
ans nicht evidont, dab man Jdieselhen Grenzbhedingungen ansetxen dudf,
womn mnn grdbere Partien der Rorperwelt ins Auge fassen will, I
fodgenden sollen Jie Uberleguagen augegehen werden, welehe jel bis-
her diber diese prinzipicll wichtige Feage angestellt hala

§ 1, Die Newrossche Theorie.

I ist wohlbekannt, dall die Newryossehe Gronzbedingung des kops
stanten Limes fir ¢ o somdich Unendlichen 2 der Auffassung hio-
fithrt, dol dic Dichite der Materie im Unewdlichen 2o nudl wivd.  Wir
denken uus pdmbiel, o Jnsse sicl eln Ot b Weltewinn thxden, am
den herum daz Geavitationzlel] der Materle, im zroficn hotraehtet,
Rugelsyunetrie besitze (Mittelpunktr, Drnm folge ous der Possonselien

1
tleiclhung, Jal e mistlers Dichite & rascher als —  mit wachsender

Eotleronng ¢ vom Mitteipunkt v oull herabsinken mall. damit o im
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§ 1. The Newtonian Theory

§ 2. The Boundary Conditions According to the (General
Theory of Relativity

§ 3. The Spatially Finite Universe with a Uniform
Distribution of Matter

§ 4. On an Additional Term for the Field Equations of
Gravitation

§ 5 Calculation and Result

of




The Einstein World

® Assume stasigno evidence to the contrary)
Non-zero density of matter

[> Introduce closed spatial curvature
ToconformwittiMac h é6s princi pl e
Solves problem o6€

Introduce new term in GFE* . (T 1 T)
v — K v — 5 9uv
Additionalterm needed in fieldquations ﬂ B
Vs : 1
#  Quantitative model of the universe Gy = Ay = —K (T - Egm,’f)
Radiusrelated tomatter density
Radiusrelated to cosmiconstant o 1



On the cosmologicaktonstant ()

From 3(a), in accordance with (1a) one calculates foithe
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Thusfrom (1) the two contradictory equations atgained

g Einstein 1933
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On the cosmological constant (ii)

o

o

Introduced in analogy with Newtonian cosmology

Full section orNewtoniangravity (Einstein 1917) i b ey )

Indefinite potential at infinity?

O S P

Modifying Newtonian gravity
B %G e = e il s s PO R 58S 01N 048 s ect)

v o oy EENVe = el il o RS =T Y s rel ati vi st
Introduce cosmic constant in similar manner

Inexact analogy
Modified GFE corresponds to P3, not P2 Gy — Agyy = —K (T — ngT)

A significant error?
Implications for interpretation



On the cosmological constant (i)

# Schrddinger, 1918

Cosmic constant term not necessary for cosmic model
Negative pressure term in energyomentum tensor

# EIl nsteinodos reaction
New formulationequivalent to original
(Questionable: physics not tkame) Erwin Schrodinged887.1961

# Schroddinger,1918
Could pressure term be tintependent ?

1
va_Egva:_KT#v
# Ei nsteindbs reacti on

n T
If not constant, time dependenagknown v TR
RIES e e SN0 S G RE e @ S ] e this;ihﬁcrge,tn‘o



The size of the Einstein World

What is the size of the Einstein World?
Assume uniform distribution of matter

Density of matter
Density of matter in MW from astronomy
Assume density MW = density of cosmos?

Failed to calculate
No estimate of cosmic radius in 1917 paper
Declares density unknown in reviews

Calculation in correspondence!
Takes’ =1022g/cn? Y R =10’ light-years

Compares unfavourably witt0* light-years (astronomy)

Now to our problem! From the standpoint of astronomy, of course, I have
erected but a lofty castle in the air.®! For me, though, it was a burning question
whether the relativity concept can be followed through to the finish or whether
it leads to contradictions. I am satisfied now that I was able to think the idea
through to completion without encountering contradictions. Now I am no longer
plagued with the problem, while previously it gave me no peace. Whether the
mode! I formed for myself corresponds to reality is another question, about which
we shall probably never gain information. On the value of R, I contemplated the
following ")

Astronomers have found the spatial density of matter from star counts up to
the nth size class, fairly independent of the class to which the count extends, at
about

107%g/em’.
From this, approximately
R =10" light-years

results, whereas we only see as far as 10* light-years. One thing seems strange
to me, though. Stars close to our antipodal point should be emitting a lot of
light to us./*) It is doubtful, however, that they could appear point-shaped, since
the light velocity varies irregularly. If such a thing were visible in the heavens, it
would be noticeable through its negative parallax ) We should at least keep an
eye out whether any objects with a negative parallax exist in the sky. But now,
enough of this, or else you will laugh at me,

EINSTEIN CANNOT
« MEASURE UNIVERSE

‘With Mean Density of Matter
“ Unknown the Problem Is
Impossible.

FINAL PRINCETON LECTURE
;ﬂnlvarau Called Finite and Yet In-
t--  finite Becauea of Ita Curved

e Nature.



The stability of the Einstein World

How does cosmic consta term work?
Assume uniform distribution of matter

Perturbation
What happens if the density of matter varies slightly?

Failed to investigate
No mention of issue in 1917
No mention of issue until 1927, 1930

Lemaitre (1927)
Cosmos expanding from Einstein World

Eddington (1930)
Einstein World unstable

668 Prof. A. 8. Eddinglon, X0.7,

On the Instability of Einstein's Spherical World.
By A. 8. Eddington, F.R.S.

1. Working in conjunction with Mr. G. C. McVittie, I began some
months ago to examine whether Einstein’s spherical universe is stable.
Before our investigation was complete we learnt of a paper by Abbé G.
Lemaitre * which gives a remarkably complete solution of the various
questions connected with the Einstein and de Sitter cosmogonies.
Although not expressly stated, it is at once apparent from his formulse
that the Einstein world is unstable—an important fact which, I think,
has not hitherto been appreciated in cosmogonical discussions. Astro-
nomers are deeply interested in these recondite problems owing to their
connection with the behaviour of spiral nebule ; and I desire to review
the situation from an astronomical standpoint, although my original
hope of contributing some definitely new result has heen forestalled
by Lemaitre’s brilliant solution.

Tinitude of space depends on a ** cosmical constant ” A, which ocours
in Einstein’s gravitational equations G, = Ag,, for empty space. On
general philosophical grounds T there can be little doubt that this form
of the equations is correct rather than his earlier form G,, = o; but A
is 5o small as to be negligible in all but very large scale applications,
Except in so far as a value may be suggested by astronomical survey of
the extragalactic universe, A is unknown ; or 1t would be better to say
that we do not know the lengths of the objects and standards of our



Reactions to the Einstein World

# Alternative cosmic solution for the GFE
A universe empty of matt€r917)
Closed curvature of spadane
Willem de Sitter
# Solution B
Solution enabled by cosntonstant
Curvatureof spacaletermined by cosmic constant

# Ei nsteinds reacti on
Unrealistic
(@FT 1NN R E TS e SN T AR S  NCHRSI ¥ I DR oy 50 e o o o o U o T 0360 1=

# Interest from astronomers
Light from star would be redshifted
ChimedwithS | 1 p dbservatisns of the spiral nebulae



