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I Historical remarks

# Appointed to Berlin Chair

Arrives April1914
Family leave Berlin, June 1914

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

# Second oOmiracul 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
Papers on unified field theory

Einstein in Berlin (1916)



Scientific context

TIME. SPACE. AND
GRAVITATION,

THE NEWTONIAN
SYSTEM,
By Dr. Albert Einstein,
= . 5 0N I rspond witle lewstire fo youe Corres
# The general principle of relativity (1907) i e T P e et e
Ater Hhe lamentabhe breach i the formwer

Relativityand acceleratednotion ey it i g e

soiener, 1t s with joy anl eratefuliess that {
woepl the vppartunity ol cummunication with
Fplish wstramuners snd plisients, [t was in
n:l'('lvﬂf)m v With the high nnet prowd wadition of
N o} ad - AL A8 2] oloallly aam

Recall GR -l stdeorg pr i nci pl e

# The principle of equivalence
Equivalence of gravity and acceleration

1918, ¥ 4.

ik ANNALEN DER PHYSIK.
# The principle of Mach VIERTE FOLGE. BAND 5

Relativity of inertia
Structure of space determined by matter
No space without matter L AN S I 5 0 1 Sk

1l siooige Arbeit von Kretschmann, veraolassen mich, noche
= mals auf die Grondlagen der sllgemeinen Relativitatstheorie
zuriickzukommen. Dabei ist es mein Ziel, lediglich die Grand-
. ’ gedaoken henzunzuhcben, wobei ich die Theorie a[ls bekannt .
aussize,
S O m e C O S m O I O q I C a | C O n S I d e r a l)g'theo!m, wie(ﬁa mirr}:!utc %‘uchwoht, hegxl auf drei u I
I Hauptgesichtspunkten, die allerdings keineswegs voneinander
" unabbingig sind. Sie seien im folgenden kurz avgefibrt ued

1. Prinzipielles zur allgemeinen Relativititstheorie;
von A. Einstein,




Relativistic cosmology (191%7)

# A natural progression
Ultimatetest foranytheory ofgravitation

Ul ti mate t est f or Machos

# Assumption 1 static universe
Observation, experience (QA)

311, To Willem de Sitter

(Belin, before 12 March 1917

# Assumption 2 uniform distribution of matter Deat Collague

I am terribly sorry that you have health complaints and are confined to bed.
S | m pl IClty (CO pe rn ICan prl nCI ple’)) I hope you will soon recover, There is .\‘omething amiss with me tou.l"] ?)ut 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
recommendation!!) All 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.
it ASSU m ptl on 3/P rl 1 CI p | e: M ac h 6 S p r I N Now to our problem! }Frmn l.ho- standpoint of astronomy, of course, | lu.w(-
- erected but a lofty castle in the air.®) For me, though, it was a burning question
N . h whether the relativity concept can be followed through to the finish or whether
o) Space Wlt OUt ma-tter it leads to contradictions. Iam 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
model I formed for myself corresponds to reality is another question, about which

B O u n d arVCO n d Itl O n S a‘t | nfl n |tv7 we shall probably never gain information. On the value of R, I contemplated the

follo\l:ing,"-’]




he problem of boundary conditions

On Einstein’s Theory of Gravitation, and its Astronomical Con-
sequences, By W. de Sitter, Assoc. R.A.S. Second Paper,*

Contents of Second Paper.

5 p = JyrH 20, Field of # moving bodies: the differential equations,
# Flat spacetime at infinity? 21, First methad of Stegraton.
o 22, Second method of integration : comparison of the two methods.
P rivi Ie g e d refe rence fram e 23. Problem of » bodies : equations of motion, Planetary theories.

24. Lunar theory: equations of motion.
A . 25, Further development, perturbing forees.
C on t rar y t (0) M a C h OS p Frt N« 26, Motion of lunar perigee and node : comparison with observations.
27, Field of moving sun and motion of infinitesimal planet in it,
compared with field of sun at rest, )
28. Gravitational field of the system of the fixed stars, Effect on

# Degeneratq ,nat infinity?

Einstein inLeyden (Autumn 1916) DR
Difficult to reconcile with observation (de Sitter) ° o 0w

# Einsteinds I ngenious
Remove the boundarie@lovember, 1916
A universe of closed spatial geometry

Al have perpetrated somethimghichexposes me
to the dangerof being committed ta madhous@




1 A guided tour of the paper

Doc. 43

Cosmologieal Considerations in the General Theory of Relativity

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

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

 VedxE, . . . )
in combination with the equstions of motion of & material
point is not as yet o perfect substitute for Newton's theory
of action ot 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 have to
regard the universe ss being 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 lay 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.

I’I‘ is well known that Poisson's equation

§ 1. The Newtonian Theory

It is well known that Newton's limiting condition of the
constant limit foe ¢ at upatial infinity leads to the view thas
the density of matber mes vero sb infinity, For we
imagine that thees may be & place in aniversal space round
abont which the gravitational fiedd of matter, viewed on a
Inzge scale, possesses spherical symmetry. It then follows
mwoqm&aibinmnhtomymdtos

142 Ssosng e physibalisotimathonmtishen Risee v S, Fehrume 1917

Kosmologische Betrachtungen zur allgemeinen
Relativititstheorie.

Von A. Emsstems,

[':- st wolilbeksnnt, dah die Porssosselie Differentialgleichuny
A¢d = 4xA¢ )

in Verbindung ot der Bowegungseleichung iles mateviellen Punktes
die Newrossehe Fernwirbungstheorie noch nicht vollstindig ersetzt
Fs mul poch die Bedingung binzutreten, dnfi i rdumlich Unend-
lichen das Potential ¢ vinem  festen Grenzwerte zustrehit.  Annlog vers
halt ¢s sieh bed der Geavitationstheorie der allgemeiven Relativitic
nueh hicr miissen xu den Differcntislgleichungen Grenzbedingungen
tinzutreten fir dius sdomlich Usneadliche, falls man die Walt wirklich
als viimlich unendlieh susgedeline anzusehen hint

Bei der Behandlong des Planetenproblesns habe jel shese Grenzbe-
dingungen in Gestalt folgender Annalime gewhhilt: 15 st mbglich, ein
Beangssystem so 20 wihlen. da@ slimtliche Gravigationspotentinle o
i rdumdich Unendlichen konstant wonden,  Fs ist aber o priosi durch.
ans nicht evidont, dab man Jdieselhien Grenzhedingungen ansetxen dudf,
woemn mnn  gedbere Partien der Korperwelt ins Auge fassen will, I
fodgenden sollen Jie Uberleguagen angegehen werden, welehe jel bis-
her diber diese prinzipicll wichtige Feage angestellt habe

£ 1, Die Newrtossche Theorie.

I st wohlbekannt, dal die Newyossehe Gronzbedingung des kons
stanten Limes fiir ¢ o somlich Upendlichen 2 der Auffassung hio-
fithrt, dob dic Dichite der Materie im Unewdlichen zu nudl wivd.  Wir
denken uns pdmlich. os Jnss¢ sicl el Ot b Weltesinn thsden, am
den herum  das Geavitationslell der Materle, im zroficn hotraehtet,
Rugelsyuunetrie besitze (Mittelpunkts, Dunm folge ous der Possonsclien

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

Eotferanng ¢ vom Mitteipunks 2u oull herabsinken moli. 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

gk

=




1. The Newtonian theory

# Divergence of gravitational force : ,
Assuming notzero, uniform density of matter Zez (P1)

Wellkknown paradox (BentleMewton) s
% O i—'Qo’o
® Einsteinds formulation of probl em
Mean density must decrease more rapidly than 1/
for constant gravitational potential atfinity: island solution

m Stability paradox
Island of matter unstable statistically

Evaporation argument j;= 0 =Y J

SO A Y BN R A S K Y s R Ol s S SE N L O XSk e W rot
Finite solution for potential Resals zez (P2)
A PO b Bl e W el A 2 S AT 0= L 0= 1 0T AN
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Independent of modificationby Seeligetf Neumann



3. The spatially closed universe
4. An additional term in the GFE

# Assume stasigthe Known Universe)
Assume noizero uniform density of matter

Introduce closed spatial curvature
ToconformwittiMac hds princi pl e
Solves problem o€

Null result
NnNGFE not sati sfi@&@do with t he

Introduce new term in GFE*
Additionalterm needed in fieldquations



The need for acosmologicalconstant

From 3(a), in accordance with (1a) one calculates foithe

# ]
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Thusfrom (1) the two contradictory equations atgained

g
0

i Einstein 1933
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A precursor for the cosmological consta

A _introduced inl916?Ann Physik 49: 769-822

A The field equations in the absence of matter

It must be pointed out that there is only a minimum of
arbitrariness in the choice of these equations. For besides
@, there is no tensor of second rank which is formed from
the g, and its derivatives, contains no derivations higher than
second, and is linear in these derivatives.*

These equations, which proceed, by the method of pure

'Pmporly speaking, this can be affirmed only of the tensor
G, + M’,v‘aG.‘.
where A is & constant. If, however, we set this tensor = 0, we come back again
to the equations G, = 0.

A Prepared the way for'Q in 1917

PR e Hast M tushoni?

Die Grundlage der

allgemeinen Relativitatstheorie

A Einstein

Al
g




5. Calculation and result

# Calculation andresult

1
Gy = Mg = K (T = EﬂwT)

Thus the newly introduced universal constant A defines
both the mesn density of distribution p which can remain in
equilibriom and also the radius R and the volume 2+°R? of
spherical space, The total mass M of the universe, acoord.

# Caveats
Consistent model without reference to astronomy
Extension of GFE required
Necessitated by assumption of stasis

curvature of space is variable in time and place, according to
the distribution of matter, but we may roughly approximate
o it by means of  spherical space. At any rate, this view is
logically consistent, and from the standpoint of the general
theory of relativity lies nearest at hand ; whether, from the
standpoint of present astronomical knowledge, it is tenable,
will not here be discussed. In order to arrive at this con.
sistent view, we admittedly had to introduce an extension of
the field equations of gravitation which is not justified by our
sctusl knowledge of gravitation, It is to be emphasized,
however, that a positive curvature of space is given by our
results, even if the supplementary term is not introduced
That term is necessary only for the purpose of making
possible & quasi-static distribution of matter, as required by
the fact of the small velocities of the stars




On the cosmological constam} (

®# Introduced in analogy with Newtonian cosmology e AR e

Full section orNewtoniangravity (Einstein 1917)
Indefinite potential at infinity? Problem of stability % 1% T°'" (P2)

# Modifying Newtonian gravity
6T P e e V2 = =3 S s S T B et T i i e s f e s o e Y

s AR s {ONY € BN LD 0 i 2N 8 e 5 e Rva Bl =S b
Introduce cosmic constant in similar manner o B

# |nexact analogy
Modified GFE corresponds to P3, not P2

# A significant error?

Implications for interpretation
No interpretation of_in 1917 paper! DR G Rl e DOy



On the cosmological constant (i)

# Schrddinger, 1918
Cosmic constant term not necessary for cosmic model

Introduce negative pressure term in enenggmentum tensor

# EiInsteinds reacti on
New formulatiorequivalent to original

(Questionable: physics not tkame)

Erwin Schrodinged 8871961

# Schrbddinger,1918

Could pressure term be tintependent ? Guv — 596 = — K Ty

2
i R e e S WO SRS e A R ) S o
If not constant, time dependenggnown N | N AN iy

il have no wish to enter t&is M™hickef lo
TR =T N T

1) S AT U N



On the size of the Einstein World

What is the size of the Einstein World?
Density of matter from astronomy
Assume density MW = density of cosmo _kp 1

Failed to calculate
No estimate of cosmic radius in 1917 paper

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

Compares unfavourably with 40ght-years (astronomy)

Solution to paradox
Density of MW density of cosmos
Challenge for astronomers!

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
model 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.¥l 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

;ﬁnrveraa Called Finite and Yet In-
t:-  finite Bacaues of Ita Curves
b Nature.



On the stability of the Einstein World

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

# Perturbation
What happens if the density of matter varies slightly?

# Failed to consider
No mention of issue in 1917
No mention of issue for many years

# Lemaitre (1927)
Cosmos expanding from Einstein World

# Eddington (1930)
Einstein World unstable



