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- February 11, 2016,
- Official announcement of the
discovery of gravitational waves



avitational waves: a prediction by Einstein,

one century ago
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Our mdel of the universe, ca. 1910:
comtfy, cozy, small, like
aret Wise Brown’s Little House

Once again
she was lived in
and taken care of.
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‘Jacobus (1851-1922) and Catharina Kapteyn
at the Mount Wilson Observatory



The Kapteyn Universe was
an early twentieth century
model much like the Herschel

universe, but on a better
statistical base. Alas, it made
no allowance for interstellar
absorption.
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The Lirtle House
was very happy
25 she sat on che hull
and warched the countryside around her,
She watched the sun risc in the morning
and she watched the sun see in the evening,
Day followed day,
cach one a lirtle different
from the one before . . .
but the Little House stayed
just the same
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‘s theory
elativity
| make
xact predictions of
> effects of a
vitational field.

844 Sitzung der physikalisch-mathematischen Klasse vom 25. November 1915

Die Feldgleichungen der Gravitation.

Yon A. Eixstenx.

In zwei vor kurzem erschienenen Mitteilungen' habe ieh gezeigt, wie
man zu Feldgleichungen der Gravitation gelangen kann, die dem Postu-
lat allgemeiner Relativitiit entsprechen, d. h. die in ihrer allgemeinen
Fassung heliebigen Substitutionen der Raumzeitvariabeln gegeniiber ko-
variant sind.

Der Entwicklungsgang war dabei folgender. Zuniehst fand ich
Gleichungen, welche die Newrtoxscne Theorie als Niherung enthalten
und beliehigen Substitutionen von der Determinante 1 gegeniiber ko-
variant waren. Hierauf fand ich, daf diesen Gleichungen allgemein
kovariante entsprechen, falls der Skalar des Energietensors der »Ma-
terice verschwindet. Das Koordinatensystem war dann nach der ein-
fachen Regel zu spezialisieren. dali ) —g zu 1 gemacht wird. wodurch
die Gleichungen der Theorie eine eminente Vereinfachung crfahren.
Dabei muBte aber, wie erwiilnt, die Iypothese eingefiihrt werden,
daB der Skalar des Energietensors der Materie verschwinde.

Neuerdings finde ich nun. dall man ohne Hypothese iiber den
Energietensor der Materie auskommen kann, wenn man den Enecrgie-
tensor der Materie in etwas anderer Weise in die Feldgleichungen
cinsetzt, als dies in meinen beiden fritheren Mitteilungen geschehen
ist. Die Feldgleichungen fiir das Vakuum. auf welche ich die Er-
klirung der Perilielbewegung des Merkur gegriindet habe, hleiben von
dieser Modifikation unberiihrt. Ich gebe hier nochmals die ganze Be-
trachtung, damit der Leser nicht gendtigt ist, die fritheren Mitteilungen
unausgesetzt heranzuziehen.

Aus der bekannten Rienaxsscaes Kovariante vierten Ranges leitet
man folgende Kovariante Z\\'('itl‘l)'R:ll]g('.\ ab:

Gin = Rin+ S, (1)

R

‘S

im

1 Sitzungsber. XLIV. N, 778 und XLV, S. 799. 1915.




1ces of “Curved Spacetime”

perihelion of Mercury

. .745 seconds of arc at the sun’s limb
tational redshift of light
'0.01 angstroms (sun)

Tiny effects



thur Eddington observes an effect in 1919
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1 theory
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lon of his gravitation equations

“Solution A”

“revolutionary” but also “static” or “conventional”
in the sense of a stationary universe



notion of a curved space-time
olutionary enough: seen here
n a 1939 popularization by






after Einstein, de Sitter announces
“Solution B”

ver, if you throw a Mars bar into

npty universe, you would see it

s 0 recede from you faster and faster.

- Observer sees reddening of distant

| sources of light, viz., the “De Sitter effect”







esto Melvin Slipher, 1875-1969

e if was wartime in 1917, few Europeans knew
tin 1914 Slipher had announced that spiral
nebulae possessed very high velocities, almost all

of them velocities of recession.

AU
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RADIAL VELOCITIES OF SPIRAL NENULAE

- approaching

4101*
4214
4258
4352¢
4449

4472

44851

4524
daGnH+
4584
4840
4756
48206
OO0
HOLH

A194

SH195¢4
52aat
heea
Ta51

oAy

h
12
12
12
12
12
12
12
12
12
12
18
12
12
13
13
13
13
13
16
22

by

a8
12
15
21
24
°+5
7
=0
32
36
40

-
.

53
7
12
265
27
o4

)
323

kK, por see

+++++4++4

T R L



] e{ndr Friedmann, 1888-1925

Friedmann, in 1922, produces his own solution



), the Curvature of Space, “ Zeitschrift
Physik (1922)

Had Friedmann lived..., he well might
have won fame as the first expounder
of an expanding universe.



American observations

he Europeans had the theoretical experience and
interest; the Americans had big telescopes and

o00d observing conditions.






e, using the great telescopes at Mt. Wilson
> in 1919,

epheid variable star in the great
11 1 Andromeda, and this allowed

1 to calculate its distance, demonstrating that
spiral nebulae were separate galaxies

N inued Slipher’s work on the radial velocities
- of spiral nebulae, and, using his determinations
of their distances, was able to plot a relationship

between distances and velocities.



- M31- V1 )
"Most- |mp0rtant smgle ob]eet in the
history of cosmology”







1924

There were earlier, but premature, attempts to relate
distances of
spirals to
their

velocities,
but these

failed due to
Inaccurate
distances.




_emaitre,
966




a Belgian priest with considerable
nathematics and physics, developed
ons of Einstein’s equations. They
iedmann’s (he did not know
1927 he published his

| niverse, and he even

a graph relating the velocities of spiral

ae to their distances.



N W

Biniisisaliisiidasia i o st
2.0 3.0 40
distance (Mpc)

1927: re-discovery of the Friedmann universe,
an expanding universe
Annales de la Societe scientifique de Bruxelles



.emaitre -
instein
ow of @y
> work of Slipher &4 ¢, .,
Hubble. :i’,;_ >3







n use for other
. Here is the
72" telescope in Victoria,
~ British Columbia,
dedicated to stellar
spectroscopy.




THE DI INGH REs
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ar e
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CuncavaTOnyY OF Tme
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mEX GLABE, I8 ') AND
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cEHEDS THICK AT THE
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ABQOUT S400 POUNDS.,

Another potential competitor, dedicated

however to stellar spectroscopy



Hubble and Humason, 1929

DISTANCE 3
10* PARSECS - 2130 ® PARSECS

FIGURE 1 o .

The first “Hubble Diagram” - or the second
Lemaitre diagram?




1931

10 20
Distance in millions of parsecs

The 1929 data are at the far lower left of the plot.






Spe ak
ts or
ycities?

- Hubble
"’_’V"“ ._ i \ iS
doubts on the matter.



Age of the universe: ~2 billion years
Age of the earth: ~3-4 billion years

The “FHubble diagram” implied an age of the
universe that was younger than the earth’s age!

Age of Earth

+ Ocern chemistry

@ Erasion & sedimentation
@ Cooling of Carlh & Sun
@ Tides & Orbits

@ Sadiometric decay

'
1850 260 1870 TESD 1290 1900 TS0 1920 1930 TS0 1950 1960 TUv0 t9su
Year of publication




Fritz Zwicky, 1898-1974
He suggested that the velocities of
recession were not real, but that light
changed frequency as it passed over
long distances



> “tired light” hypothesis did
in many followers, as it
ed a new law of physics.

TREDIETO0D!

" DUE TO IRON DIFICIENCY ANTMIA






lers had been forced in the past
roscopy, photography, and
W, tand Einstein, they were
0 master tensor calculus?

d all to what effect, since there was only
ne telescope in the world dedicated to
ativistic cosmology....



1eoretical
~ a static universe




“I suppose the trouble is that
or static solutions.”

desirable to know
7e insert matter into
empty world represented by solution B.”

| aitre to Eddington: “I just read....your
suggestion. I made these investigations
two years ago.”



-': the expanding universe

Eddington publicizes Lemaitre’s work, and the
expanding universe becomes a “standard” model



the uaiverse in the form of w uniqus «toil wiadse atoudc weignt
is the total mass of the universe. This nignly unstubdls .ton ==
would divicde in smaller und snaller atoms 0y & kind of super-

~ radicotive processe. Soze rest of tzis process would, aQcording
to Sir Jeans idea, foater the heat of tne stars until our low
atonie number ato.s ay allow live to be possibie,

Clearly the initial cuanvua cousd 20t coaceiie in itseif
the whole cgourse &f evolution; but, according to tiie indeterainae
tion principle, that is nct neceasary. Our world is now a world
where somsathin;; happens; the whole stury 01 liw w0rid does not
r.eed %0 be written down in the firet quancu.l && & song on the =
disc of & nonograp. The whole :u.tier vi the world aust De pre=-
gsent at the Le_sinning, dbut the story it ..ae tI tail way De write

ten sve) by step.
I think thuat ewery one who velieves in a aupreme being

supporting avery being and cvery acting, vulieves also that God

48 espentially hidden and wmay v giad tu sse ww present paysics

provides a veil hiding tae crsation.
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By
Donald H.
Menzel

Harvard Observatory

UT of a single, bursting

came all the suns and planets of

our universe!

That is the s
advanced by the famous
tre, Belgian mathematician, It has'aroused
the interest of astronomers throughout
the world because, startling as the hypoth-
esis is, it explains many observed and
puzzling facts.
cording to Lemaitre’s theory.

the matter in the universe was onc:
within a single, giga
ten thousand million 0 v
mant. Then, like a sky-rocket touched ofi
on the Fourth of July after having re-
mained quietly for months on a store o
the atom burst, its far-flung fragments
forming the s of which our universe
is built.

The manner in which certain kinds of
atoms explode can be seen easily in a sim-
ple experiment. If you take a radium

tch into a dark room and look at the
dial through a magnifying glass, you see
what appears to be a brilliant display of
miscroscopic fireworks. While you are
looking at the showering sparks, remem-
ber that each flash comes from an explod-
ing atom, 2 you see a smal
scale reproduction of the new theo
the birth of our univ

On the average, e

rmant for about Y
which time it explodes and shoots out par-
ticles in much the same way as the parent

n gave birth to the

he new theory provides an explana-
tion for one of the most extraordinary
scientific facts ever discovered. Our tele-

scopes show us that there are, out in
space, millions of disk-shaped star-clus-
ters known as extra-galactic nebulae. It
y d that our Milky Way
is such an object and that our sun is but
one of billions of stars that go to form it.
One of the larger members of the cl.

a million years to reach us.
observations indicate th,
still farther aw

system by some 170 mil

For every large, bright nebula there are
thousands of small, faint, and presumably
much more distant ones. Surveys out to
one hundred million light years are i
progress. The extraordina
ferred to above is not, howe
nitude of the figures, but y
that the more distant the nebula the more
rapid is its motion in a direction 3
fro ! The present record-holder is a
tiny nebula whose cosmic speedometer
registers in excess of twelve thousand
miles a seconc

Why, astronomers have ed, are the

YOU CAN SEE AN ATOM
BOMBARDMENT IF YOU
LOOK AT THE NUMERALS
ON A RADIUM DIAL WATCH
UNDER A MAGNIFYING
GLASS IN THE DARK

MONTHLY




ional gathering at Cal Tech
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‘Einstein

e German well

of general relativity
[ ’« Vmce Einstein.
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'Cal Tech, and
1iverse model.
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Arthur Milne

1932: alternative solutions of the equations appear...



Otto Heckmann published no fewer than
twelve solutions. How were astronomers
to choose between expanding, oscillating,
and different philosophies of relativity?




(?) Does
Ocity?

_ On
y else had big
"s.
fects as measured
_ e tests

t : : ' bOther? lNcmhotmn

ot our circus, not our monkeys....



Astronomical Society meeting in
eber Curtis at far left. An early
le notion that spirals were galaxies.

Remy———— vy
o v e e S e e — e — . o e,



er, Curtis had attempted to measure,
ut success, displacement of starlight at
r eclipse.




(@

8, “Lessons on Cosmogony”

e calculations of the precession
thelion of Mercury.
neasurements have been
- “divine ed.”

00 much static in the derived values of
relativistic redshift in the solar spectrum.

1any solutions.
Unnecessary geometry.
- Eddington “credulous.”
Age of the earth.



/ho had measured the deflection of
1e 1919 eclipse, wrote a famous
orint, about relativity and the

R EDDINGTON
3 3

THE
"EXPANDING

philosophical
5, unique to Eddington.







Griffith Observatory, here
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e Scientific American, editor
'”‘o makmg column and book
osmology out of his

» 3



oks on Astronomy, a very

or the educated public,

to have a volume on relativity
but it was soon cancelled.

r=




: éélling astronomy textbook,
1930-1965

AN INTROOACEON TO
"’7 ! Astronomy
J
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OTTO STRUVE

BEVERALY LYNDS AND HELEN PILLANS,

-
'\‘
‘ORK - oxronn UNIVERSITY D*- .
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g ew McKellar of the Dominion

irror. McKellar was interested
‘and in interstellar clouds.



_‘.‘>'<amined the
absorption lines
1d of gas and dust



IMcKellar noticed the presence of Cyanogen in
the interstellar cloud; but he also noticed the
less intense line of Cyanogen in a state of
excitement, due to a temperature of a few
degrees above absolute zero. He could not

explain the temperature. We now know that
it represents the remnant of the Big Bang.

i el
‘ L CN R(0) ,.,,,, /
CN R(1) | ‘

3g74 .6 3886.4 3890.2




,s, are Hubble and Tolman in
e 200" telescope, whose
suffering delay after delay.



rticle about what we now know as Black
classic relativistic phenomena. The

ight have been expected to continue:
date: the outbreak of war.




author, J. Robert Oppenheimer,
lelined with war work and ended
he scientific team that built the



glimmer: the development of radar in

r II led to the growth of radio astronomy.
ide, a gathering of Australian radio

| former radar specialists. Note
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‘a wartime development, two new
ical theories.

Bang, to explain the
- ance of elements. In

this theory, there would be a remnant
radiation from the original heat, perhaps
‘a few degrees above absolute zero...
out how to measure it?
1e notion of a steady state universe,
whose expansion involves the continuous
creation of new matter.




i_fmow, Ralph Alpher

)

t radiation, a few degrees K
| uhd



Sold, Hermann Bondi,
le: the steady state,
S ¢ reation theory

_!‘
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with the Mount Wilson
ecalibrates the distance scale,
o making the universe older than
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Star Gazma Bnngs Back neetmg Health :

amateurs
to perfect

Instruments on
which Baade
depended.

s
~Blar-gadng fn the family
onaraderie to Charles A, Lawer,
tmdmmmmn
» Newtontan,



In the late 1950s and early 1960s, surveys
with radio telescopes located peculiar
objects of very small size emitting enormous
amounts of radiation: termed quasi-stellar
objects, or quasars.




rebirth

1963
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A small object, with an enormous redshift,
implying a very great distance and a
very great age....a cosmologically
significant object, relatively bright for its
size...need relativity to explain all this.

Red shift

Comparison
spectrum




DT




» rebirth of relativistic cosmology
exas Symposium on
ophysics: note our old



ery of the cosmic microwave
nd radiation, as predicted
samow, and Herman in

"discovery of pu

1is required relativistic cosmology, which
1ts Renaissance.



ars took on a life of their own....
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e” of 1910 to gravitational lensing




_a‘ We end with one
Schubert. Schubert’s

th a wonderful melody
trill. It is like our

n gravitation waves as



