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Abstract
Some highlights of the history of modern cosmology and teedes to be learned from the
successes and blind alleys of the past are described. Thiadeeforms the background
to the lectures and discussions at this Second Carnegie@gat Symposium, which cele-
brates the remarkable contributions of the Carnegie ugidit in the support of astronomical
and cosmological research.

11 Introduction

It is a great honor to be invited to give this introductory eek$ at the Second
Carnegie Centennial Symposium to celebrate the outstgratihievements of the Obser-
vatories of the Carnegie Institution of Washington. | assuhat the point of opening this
meeting with a survey of the history of cosmology is not omycelebrate the remarkable
achievements of modern observational and theoretical clogiy, but also to provide lessons
for our time, which may enable us all to avoid some of the artloat we now recognize were
made in the past. | am bound to say that | am not at all optioiikt this second aim will
be achieved. | recall that, when | gave a similar talk manysyago with the same intention,
Giancarlo Setti made the percipient remark:

Cosmology is like love; everyone likes to make their ownatést.

By its very nature, the subject involves the confrontatiérin@oretical speculation with
cosmological observations, the scepticism of the hardebsdrver about taking anything
a theorist says seriously, the problems of pushing obsensto the very limits of techno-
logical capability, and sometimes beyond these, restitirybious data, and so on. These
confrontations have happened many times in the past. MyiGgasps that the commu-
nity of astronomers and cosmologists is now sufficientlgégiior false dogma and insecure
observations to have only limited shelf-lives, but we meshain vigilant. Nonetheless, it
is intriguing to survey the present state of cosmology, \tglextraordinary successes and
challenges, and recognize the many similarities to thasiefdiced the great scientists of the
past. | leave it to readers to draw their own preferred anefog

The history of cosmology is a vast and fascinating subjext,lavill only touch on some
of the highlights of that story. | have given a more detaileckant of that history elsewhere
(Longair 1995), and it is a subject that repays careful stlidymy regret, there will be little
space to do justice to the technological achievements st made modern cosmology a
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rather exact science (see Longair 2001). Without theselalavents, none of us would be
celebrating the achievements of modern cosmology at thigpegium.

Before getting down to the history, let me contribute a peasappreciation of Andrew
Carnegie’s philanthropy. He gave away $350M of his forturf4®0M to charitable causes.
Among the more remarkable of these was the founding of ab@@® 8braries worldwide,
including five in my home town of Dundee in Scotland, only ab80 miles from Dun-
fermline, Carnegie’s birthplace. Here is a quotation frbe €arnegie Libraries of Scotland
web-site:

When the library was officially opened on 22 October 1908, di¥s] Barrie [a former Lord
Provost] was asked to perform the opening ceremony ... Thiagea banquet afterwards in the Victo-
ria Art Galleries hosted by Lord Provost Longair.

Lord Provost Longair was my great, great uncle. | remembarsasall boy going regularly
to the Dundee Public Libraries to learn about rockets andesfiigiht. Little did | realise then
that, more than 50 years later, | would be participating endblebrations of the centenary
of the founding of the Carnegie Institution.

12 Observational Cosmology to 1929

The earliest cosmologies of the modern era were speculetismologies. The
“island universe” model of Descartes, publishedrime Worldof 1636, involved an inter-
locking jigsaw puzzle of solar systems. WrighBs Original Theory of the Universef
1750 involved spheres of stars and solar systems, while ikart55 and Lambert in 1761
developed the first hierarchical, or fractal, pictures efthniverse (see Harrison 2001). The
problem with these early cosmologies was that they lackegmfational validation. When
these ideas were put forward, the only star whose distansé&m@vn was the Sun. The first
parallax measurements of stars were only made in the 183Bsédxyrich Bessel, Friedrich
Georg Wilhelm Struve and Thomas Henderson.

The first quantitative estimates of the scale and structhiteeoUniverse were made by
William Herschel in the late 18th century. Herschel's modkthe large-scale structure
of the Universe was based upon star counts and provided #giegfiantitative evidence
for the “island universe” picture of Wright, Kant, Swedenfp@and Laplace. In deriving
his famous model for our Galaxy, Herschel assumed thata $tave the same absolute
luminosities. The importance of interstellar extinctionrestricting the number counts of
stars to a relatively local region of our Galaxy was onlyydppreciated in the early 20th
century.

John Michell had already warned Herschel that the assum{itat the stars have a fixed
luminosity was incorrect. This is the same John Michell wraswVoodwardian Professor
of Geology at Queen’s College, Cambridge, before becontiegréctor of Thornhill in
Yorkshire in 1767. He designed and built what we now know asGhvendish experiment
to measure the mean density of the Earth. Nowadays, he ilyrighmembered as the
inventor of black holes. In 1767, he showed that there must tepersion in the absolute
luminosities of the stars from observations of bright stasters. Despite this warning,
Herschel ignored the problem and proceeded to produce aemwhilifferent versions of
the structure of our Galaxy. In 1802, Herschel measured thgnitudes of visual binary
stars and was forced to agreed with Michell's conclusionudlyy troubling was the fact
that observations with his magnificent 40-foot telescopengltl there was no edge to the
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Galaxy. He continued to find stars the fainter he looked—eiy, the stellar system was
unbounded. Eventually, Herschel lost faith in his modehef Galaxy.

The desire to observe the Universe with telescopes of graatkgreater aperture contin-
ued throughout the nineteenth century. The largest railgtdlescope constructed during
that century was the great 72-inch reflector at Birr Castledgland by William Parsons, the
3rd Earl of Rosse. This “Great Leviathan” was moved by ropes astronomical objects
could be tracked by moving the barrel of the telescope betuwhee two large walls, which
also accommodated a movable observing platform at the Nesrtdocus of the telescope.
Observations were made by eye and so the “length of the exgiosas limited to about a
tenth of a second. Despite the difficulties of making obs#oia and the inclement weather
in central Ireland, Lord Rosse was able to resolve nebulaesitars and, perhaps most im-
portant of all, discovered the spiral structure of galaxies most famous drawing being his
sketch of M51.

The revolutions that led to the discipline of extragalaastronomy as we know it today
were the use of photography to record astronomical imageshenshift from refracting to
reflecting telescope designs. The Yerkes 40-inch refracasrthe end of the line so far as
refracting telescopes were concerned. The much more cdamgféacting design had the
advantage of greater collecting area, but was much morétigerts tracking and guiding
errors. Many key technologies were developed during therlaglf of the nineteenth cen-
tury, thanks to pioneers such as Lewis Morris Rutherfurindoraper, Andrew Common
and George Carver. These pioneers solved the problems trittiéng and pointing of re-
flecting telescopes, an invention of particular importapeimg the adjustable plate holder,
which enables the observer to maintain the pointing of tlest®pe with high precision.

The resulting technical advances contributed to the reatdekachievement of James
Keeler and his colleagues at the Lick Observatory in enmmaitie performance of the 91-
cm Crossley reflector to become the premier instrument fimoasmical imaging. During
the commissioning of the Crossley reflector in 1900, Keel#aimed spectacular images of
spiral nebulae, including his famous image of M51. Not onbrevthe details of its spiral
structure observed in unprecedented detail, but therealssdarge numbers of fainter spiral
nebulae of smaller angular size. If these were objectsairalthe Andromeda Nebula M31,
they must lie at very great distances from our Solar Systemagi@ally, just as this new era
of astronomy was dawning, Keeler died of a stroke later thatesyear at the early age of
only 42 (Osterbrock 1984).

George Ellery Hale plays a central role in the celebratidtisecentenary of the Carnegie
Institution. He is rightly regarded as the most successfttbaomical entrepreneur of the
modern era. He maintained an unswerving determination nstoact successively larger
and larger telescopes from the time of his directorship ef Yerkes Observation in the
1890s through the period when he became Director of the M@lilsbn Observatory in
1903 until his death in 1938. In 1895, he had persuaded Hierfab buy the 1.5 meter
blank for a 60-inch reflecting telescope. The design was tarbenlarged version of the
Calver-Common design for the 91-cm Crossley reflector attitleObservatory. Before the
60-inch telescope was completed, however, he persuadetiddRer to fund an even bigger
telescope, the 100-inch telescope to be built on Mount Wil§de technological challenges
were proportionally greater, the mass of the telescopegtEHid tons, but the basic Calver-
Common design was retained. The optics were the respahsitilGeorge Ritchey, an
optical designer of genius, who was to come up with the inpghioptical configuration
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known as the Ritchey-Chrétien design, which enabled extglinaging to be achieved over
a wide field of view. The 60- and 100-inch telescopes becametime telescopes for
the study of the spiral nebulae, but these accomplishmeats wot achieved without an
enormous effort on Hale’s part.

The story of Hale’s construction of these telescopes isaiti&le. Equally impressive is
Andrew Carnegie’s generosity in enabling Hale to realisevigion. Carnegie’s fateful visit
to the Mount Wilson Observatory in 1906 has been recordelldrvblumeThe Legacy of
George Ellery Hal§Wright, Warnow, & Weiner 1972). Carnegie was clearly imgzed by
what he saw during his visit. As recorded in the local Pasademwspaper, he remarked:

“We do not know what may be discovered here,” he said. Frarthéid little idea what would be the
result of flying his kite. But we do know that this will meaniti@ease of our knowledge in regard to
this great system of which we are part.

Mr. Hale has discovered here 1600 worlds about one of thesstdwich were not known before. We
have found helium in the Sun, and after finding it there, weifimdthe Earth. It all goes to show that
all things are of a common origin.

To anyone who has had the fortune to be responsible for theatipe of a large ob-
servatory facility, these remarks have heartening resmsarCarnegie did not quite get the
science right so far as the stars were concerned, but heajasadtutely right so far as helium
is concerned. Helium was discovered astronomically lorigreeat was identified in the lab-
oratory and is but one of many examples of how astronomicsgsfations can provide key
insights into the behavior of matter under circumstanceghvhre only later reproduced
in the laboratory. Plainly, Hale had carried out a very sasfid campaign in enthusing
Carnegie about the importance of progress in astronomy.

Following his visit, Carnegie pledged an additional $10Nt® endowment of the Carnegie
Institution, specifically requesting that the benefacti@nused to enable the work of the
Observatory to proceed as rapidly as possible. This is thistpausic to the ears of any
Observatory Director, who knows that, while it is usuallyspible in the end to find the
capital resources for ambitious projects, these cannaesetcwithout matching funds for
operations in the long term. Carnegie’s vision and undeditey are models for benefactors
of astronomy.

The construction of the 60- and 100-inch telescopes weessftrl and Hale suffered a
nervous breakdown in 1910. It is touching to read Carnedg¢fer to Hale of 1911 (with
the original spelling), urging him to take care of his health

November 27, 1911
Mr dear Frend,-

Delited to read your long note this morning; not too long—gweord tells, but pray show your
good sense by keeping in check your passion for work, so thiatay be spared to put the capstone
upon your career, which should be one of the most remarkalgelived.

Ever yours,
Andrew Carnegie.

Carnegie’s benefaction was crucial for the completion ef180-inch Hooker Telescope
at Mount Wilson. The telescope was by far the largest in thddvand incorporated all
the lessons learned from the works of earlier telescopeléral Completed in 1918, this
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instrument was to dominate observational cosmology fomtis¢ 30 years until the com-
missioning of the Palomar 200-inch telescope in 1948.

The Hooker 100-inch telescope played a central role in teeludon of what became
known as the “Great Debate,” which concerned the relatatessf the size of our own
Galaxy and the nature of the white, or spiral, nebulae. Thigrontation between Harlow
Shapley and Heber D. Curtis is too well known to need much #icgtion here (see Chris-
tianson, this volume). In 1899, Scheiner had obtained atsggram of M31 and stated that
the spectrum suggested a “cluster of Sun-like stars.” Ir219pik estimated the distance
of M31 by comparing the mass-to-light ratio of the centrglioa of M31 with that of our
own Galaxy and found a distance of 440 kpc, suggesting that iell outside the confines
of our Galaxy. The discovery of variable stars in spiral fably Duncan in 1922 led to a
flurry of activity and Hubble’s famous discovery of Cepheatiables in M31.

Central to Hubble’s use of Cepheid variable stars in M31 t@suoee its distance was
the discovery of the period-luminosity relation for Ceplein the Magellanic Clouds by
Henrietta Leavitt (Leavitt 1912). Leauvitt, like Annie Caom was profoundly deaf. While
she is best remembered for her work on the Cepheid variabtgsmain work was the
establishment of the North Polar Sequence, the accuragendegtion of the magnitude
scale for stars in a region of sky which would always be adbksso observers in the
Northern Hemisphere. By the time of her death in 1921, shechtghded the North Polar
Sequence from 2.7 to 21st magnitude, with errors less thhm@gnitudes. To achieve
this, she used observations from 13 telescopes ranging @6ro 60 inches in diameter
and compared her scale using 5 different photographic phetiic techniques. Without this
fundamental work, the magnitude scale for galaxies coutdhawve been established.

Itis intriguing that by far the most stubborn pieces of olvadonal evidence against what
might be termed the long distance scale were van Maanen'sureraents of the proper
motions of spiral arms. It is now well understood how diffiatis to measure tiny displace-
ments of any diffuse object—van Maanen’s evidence was afiyted in 1933 by Edwin
Hubble after a considerable observational effort.

Hubble’s paper of 1925 establishing the extragalacticneadfithe spiral nebulae is im-
pressive enough (Hubble 1925), but to my mind his paper ofidHewing year entitled
Extragalactic Nebulaés even more compelling (Hubble 1926). In this paper, he ioexV
the first more or less complete description of galaxies amgatactic systems. The paper
includes a morphological classification of galaxies inte tkassic Hubble types, estimates
of the relative numbers of different types, estimates ofsstaduminosity ratios for differ-
ent types of galaxies and their average number densitiasallfsithe mean mass density in
galaxies in the Universe as a whole was derived for the fire tiAdopting Einstein’s static
model for the Universe, the radius of curvature of the sglaégeometry wak = 27,000
Mpc and the total number of galaxiess3 10'°. Thus, by 1926, the first application of
the ideas of relativistic cosmology to the Universe of geaxad been made. Hubble con-
cluded that the observations already extended to aboudld8the radius of the closed
Einstein universe. The prophetic last sentence of his gagaer reads

...with reasonable increases in the speed of the platesiaaabtelescopes, it may become possible
to observe an appreciable fraction of the Einstein Universe

It is no surprise that Hale began his campaign to raise fumdthe 200-inch telescope in
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1928. By the end of the year, he had received the promise ot gf $6M from the
Rockefeller foundation.

Hubble’s important insights were soon followed by an evemewemarkable discovery.
In 1917, Vesto M. Slipher had published his heroic pionagsipectroscopic observations of
25 spiral nebulae (Slipher 1917). He realised that, for pleesoscopy of low surface bright-
ness objects such as the spiral nebulae, the crucial faetothvef -ratio of the spectrograph
camera, not the size of the telescope. The observationkv@/@ery long integrations of
20, 40 or even 80 hours with small telescopes.

The velocities of the galaxies inferred from the Doppleftshof their absorption lines
were typically about 570 km$, far in excess of the velocity of any known object in our
Galaxy. Furthermore, most of the velocities correspondeth¢ galaxies moving away
from the Solar System, that is, the lines weeeshiftedto longer (red) wavelengths. In
1921, Carl Wilhelm Wirtz concluded that, when the data wemraged in a suitable way,
“an approximate linear dependence of velocity upon appanagnitude is visible” (Wirtz
1921). By 1929, Hubble had assembled approximate distaofc24 galaxies for which
velocities had been measured, mostly by Slipher, all withidpc of our Galaxy. | have
always been impressed that Hubble was able to find the lawhAdgars his name from the
very crude distance indicators which he had available. Tisé geven objects within 500
kpc had Cepheid distances; the distances of the next 13 wenel fassuming the brightest
stars all had the same absolute magnitude; the last foureikitgo cluster, were estimated
on the basis of the mean luminosities of nebulae in the alugieom these meager data,
Hubble derived his famous redshift-distance relation (bleli929). If the redshiftz are
interpreted as the Doppler shifts of galaxies due to theession velocities, the relation
can be writterv = Hor, whereHg is Hubble’s constant

Milton Humason had by then mastered the use of the 100-inebd®pe for obtaining
the spectra of faint galaxies and by 1934 Humason and Hulamlektended the velocity-
distance relation to 7% of the speed of light (Humason & Habt®34). Furthermore,
Hubble realised that he could test for the isotropy and hamedy of the Universe by
counting the numbers of faint galaxies. Hubble establighad the numbers of galaxies
increased with increasing apparent magnitude in almostgxhe fashion expected if they
were uniformly distributed in space.

Even before 1929, however, it was appreciated that Hublale'svas expected according
to world models based upon the general theory of relativity.

13 Theoretical Cosmology to 1939

Let us turn to theoretical cosmology and the history of Eims$ static model for
the Universe. Working independently, Lobachevsky in KapaRussia and Bolyai in Hun-
gary solved the problem of the existence of geometries tinddited Euclid’s fifth axiom
in 1825. These were the first self-consistent hyperbolio{Baclidean) geometries. In his
great textOn the Principles of Geometr§d825), Lobachevsky worked out the minimum
parallax of any star in hyperbolic geometry

0= arctar(%) (1.1)

whereais the radius of the Earth’s orbit aritlithe radius of curvature of the geometry. In his
textbook, he found a minimum value & > 1.66 x 10° AU. What is intriguing is that this
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estimate was made 8 years before Bessell's announcemem fifst successful parallax
measurement of 61 Cygni. In making his estimate, Lobacheuskd the observational
upper limit to the parallax of bright stars. In a statemeniclhwill warm the heart of
observational astronomers, and which is particularly afgpan the light of what we will
hear at this meeting, he remarked

There is no means other than astronomical observationsuidging the exactness which attaches
to the calculations of ordinary geometry.

The pioneering works of Lobachevsky and Bolyai led to Riensmtroduction of quadratic
differential forms, his generalization of their resultsnon-Euclidean geometries, and his
discovery of spaces of positive curvature—that is, spaénon-Euclidean geometries.

Unlike his other great discoveries, Einstein’s route toegahrelativity was long and
tortuous. Four ideas were important in his search for aaikistent relativistic theory of
gravity:

e The influence of gravity on light
e The principle of equivalence

e Riemannian spacetime

e The principle of equivalence

Toward the end of 1912, he realised that what was needed waEundidean geometry.
Einstein consulted his old school friend, Marcel Grossmaitwout the most general forms
of transformation between frames of reference for metricheform

ds® = g,,, dx“dx"”. (1.2)

Grossmann soon came back with the answer that the most §graesiormation formulae
were the Riemannian geometries, but that they had the “lzddri’ that they are nonlinear.
Einstein instantly recognized that, on the contrary, thésva great advantage since any
satisfactory theory of relativistic gravity must be noweian.

After further years of struggle, during which he and Grossmeere ploughing very
much a lone furrow, general relativity was formulated irdiginitive form in 1915 (Einstein
1915). In 1916, Willem de Sitter and Paul Ehrenfest suggesteorrespondence that a
spherical 4-dimensional spacetime would eliminate théleros of the boundary conditions
at infinity, which pose insuperable problems for Newtoniasmological models. In 1917,
Einstein realised that, in general relativity, he had farfihst time a theory which could be
used to construct fully self-consistent models for the @rée as a whole (Einstein 1917).
At that time, the expansion of the Universe had not been déeseal.

One of objectives of Einstein’s program was to incorporate the structure of general
relativity what he called/iach’s Principle meaning that the local inertial frame of reference
should be determined by the large-scale distribution otené the Universe. There was,
however, a further problem, first noted by Newton, that stadodel universes are unstable
under gravity. Einstein proposed to solve both problemspducing an additional term
into the field equations, theosmological constant. In Newtonian terms, the cosmological
constant corresponds to a repulsive fofcacting on a test particle at distancef = %Ar*.
Unlike gravity, this force is independent of the density @tter. TheA-term has negligible
influence on the scale of the Solar System and is only apyrieais cosmological scales.

The equation that describes the expansion becomes
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The first term on the right-hand side describes the dec@ardtie to gravity and the second
what Zel'dovich referred to as the “repulsive effect of theenum” (Zel'dovich 1968). At
that time, the physical significance of theterm was not understood.

Einstein believed that he had incorporated Mach’s Priedimtio general relativity. In his

words,

The inertial structure of spacetime was to be “exhaustivapnditioned and determined” by the
distribution of material throughout the Universe.

Further, he stated that the extension of the field equati@ss“wot justified by our actual
knowledge of gravitation,” but was “logically consisténEurthermore, the cosmological
term was “necessary only for the purpose of making possilojeasi-static distribution of
matter, as required by the fact of the small velocities afssta

From Einstein’s field equations of general relativity, ifléwed that the geometry of
Einstein’s static universe is closed and the radius of durezof the geometrical sections is
R =c¢/(4nGpo)'/?, wherepg is the mean density of the static Universe. The valug ofas
directly related to the mean density of the Universes 4rGpg. Einstein believed that he
had incorporated Mach’s Principle into general relativitythat static solutions of the field
equations did not exist in the absence of matter.

Almost immediately, de Sitter (1917) showed that one of tims objectives had not
been achieved. He found solutions of Einstein’s field equatin the absence of matter,
p = p=0. The metric he derived had the form

ds? = dr? - R2sin (é) (dg? +co ¢ dh?) +cod (é) 2t (1.4)

Although there is no matter present in the Universe, a tesicpastill moves along a per-
fectly well-defined path through spacetime. As de Sitterakad, “If no matter exists apart
from the test body, has this inertia?” One prediction of dite8s paper was the fact that
distant galaxies would be observed with a redshift, alttnoachis solution the metric was
stationary—this phenomenon became known asléh8itter effect

In 1922, Kornel Lanczos showed that by a simple change ofdioates, the de Sitter
solution could be interpreted as an expansion of the sysfecoardinates in hyperbolic
space (Lanczos 1922).

ds? = —dt?+costt [dp? +cod ¢ (dy? +co e dx?)] (1.5)
Lanczos wrote that:

Itis interesting to observe how one and the same geometramasar with quite different physical
interpretations according to the interpretations placqzbn the particular coordinates.

At almost exactly the same time, the Soviet meteorologidtheoretical physicist Alexan-
der Alexandrovich Friedman published the first of his twassla papers on relativistic cos-
mology (Friedman 1922, 1924). His key realization was tbatropic world models had
to have isotropic curvature everywhere. In the paper of 1882dman found solutions for
expanding world models with closed spatial geometriedutling those that expand to a
maximum radius and then collapse to a singularity. In theepap 1924, he showed that
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there exist expanding solutions that are unbounded witletiglic geometry. The differen-
tial equations that he derived were:

2

(1922) (g) +<2Ri2R)+%—A=O (1.6)
.2 -
aszn (B)+ ()2 i @
In both cases,
3R 3c?
E+E—A:K,C2p (1.8)

The solutions of these equations correspond exactly tadmelard world models of general
relativity and are appropriately known as tiiedman world modelsThe history of general
relativity in the Soviet Union is a remarkable story and &nen’s role in introducing Soviet
scientists to the theory and the subsequent difficult dgveént of these studies in the USSR
needs to be better known. It has been carefully describedcebyighov (1967) in a review
that has not been translated into English.

It has always been considered somewhat surprising thatsitsee years before Fried-
man’s important papers were given the recognition they rdeseln 1923, Einstein be-
lieved he had found an error in the first of Friedman’s papeds published his concern
in Zeitschrift fir Physik Friedman showed that Einstein was incorrect and Einstgin s
sequently published his withdrawal of his objection in theng journal. My guess is that
Einstein’s concern was remembered, but not his acknowledgof his error.

In 1927, Georges Lemaitre independently discovered thedfran solutions and only
then became aware of Friedman'’s pioneering contributibem@itre 1927). Both Lemaitre
and Howard P. Robertson (1928) were aware of the fact thaFtieeiman solutions re-
sult locally in a velocity-distance relation. Lemaitre ided what he termed the “apparent
Doppler effect,” in which “the receding velocities of exgedactic nebulae are a cosmical
effect of the expansion of the Universe” withx r. Robertson found a similar result stating
that “we should expect .. .a correlatiorr (cl/R),” wherel is distance and the recession
velocity. From nearby galaxies, he found a value for Hulstdenstant of 500 kn$ Mpc™.

The discovery of the velocity-distance relation for gadexivas interpreted as evidence
for the expansion of the Universe as a whole. There remairmalgms of interpretation of
the notions of time and distance in cosmology because thied@lations could be set up in
any frame of reference. By 1935, the problem had been sohd&piendently by Robertson
and George Walker (Robertson 1935; Walker 1935). For ipatrdhomogeneous world
models, they showed that the metric of spacetime had to havietm
R2(t) dr?

——— +r?(df? +sirfAd¢?) (1.9)

w2
ds’ =t 2 |(1+kr2)

wherek is the curvature of space at the present epocha comoving radial distance coor-
dinate andR(t) is the scale factor which describes how the distance betapg two world
lines change with cosmic tinte The Robertson-Walker metricontains all the geometries
consistent with the assumptions of isotropy and homoggnéthe Universe; the curvature
k= R72, whereR, the radius of curvature of the spatial sections of the égntr curved
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space, can be positive, negative or zero. The physics ofh@nsion is absorbed into the
scale factoR(t).

With the discovery of the velocity-distance relation, Eais regretted the inclusion of
the cosmological constant into the field equations. Aceaydd George Gamow, Einstein
stated that the introduction of the cosmological constast #the biggest blunder of my life”
(Gamow 1970). In 1932, Einstein and de Sitter showed thattiseone special solution of
the equations witih =0 andx = 0, corresponding to Euclidean space sections (Einsteia & d
Sitter 1932). Thi€instein-de Sitter modélas density at the present epggh= 3H3/87G.
This density is often referred to as thetical densityand the Einstein-de Sitter model as
the critical mode| because it separates the ever-expanding models with agparbolic
geometries from those that will eventually collapse to aglarity and that have closed,
spherical geometry. When Einstein and de Sitter insetkgd 500 km s Mpc™ into the
expression fopy, they foundpy = 4 x 1072° kg m 3. Although this value was somewhat
greater than the mean density in galaxies derived by Hukidg,argued that it was of the
correct order of magnitude and that there might well be aidenable amounts of “dark
matter” present in the Universe.

14 Astrophysical Cosmology up to 1939

141 Dark Matter

Astrophysical evidence for dark matter was not long in canitn 1933, Fritz
Zwicky made the first dynamical studies of rich clusters dages, in particular, of the
Coma cluster (Zwicky 1933, 1937). The method Zwicky useddtiingate the total mass
of the cluster involved theirial theorem which had been derived by Arthur Eddington in
1916 to estimate the masses of star clusters (Eddingtor) 13té theorem relates the total
internal kinetic energyl’ = %M(vz) of the galaxies in a cluster to its gravitational potential
energy,|U| = GM?/2Ry in statistical equilibrium under gravity. Eddington shamhat
T =3|U]| and so the mass of the cluster can be foldy 2Ry (v?)/G.

Zwicky measured the velocity dispersion of the galaxiehi& €oma cluster and found
that there was much more mass in the cluster than could lileudétd to the visible parts of
galaxies. In solar units, the ratio of mass to optical lursityoof a galaxy such as our own
is about 3, whereas for the Coma cluster the ratio was foubd ahout 500—there must be
about 100 times more dark or hidden matter as compared vathleimatter in the cluster.
Zwicky’s pioneering studies have been confirmed by all sqgbeat studies of rich clusters
of galaxies.

1.4.2 The Age of the Universe and Eddington-Lemaitre Models
Despite Einstein’s renunciation of the cosmological cansd, there remained a

very grave problem for those models in whighis set equal to zero. In all world models
with A =0, the age of the Universe is less thdjt. Using Hubble’s estimate ¢, = 500 km
s Mpc™, the age of the Universe must be less thanI@® years old, a figure in conflict
with the age of the Earth derived from studies of the ratioglmindances of long-lived
radioactive species, which gave ages significantly grelgar this value.

Eddington and Lemaitre recognized that this problem coeldliminated ifA were pos-
itive (Eddington 1930; Lemaitre 1931a). The effect of a fasicosmological constant is
to counteract the attractive force of gravity when the Urdeehas grown to a large enough
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size. Among the solutions of Einstein’s equations, theeespecial cases equivalent to the
Einstein static Universe, but at some earlier epoch. Thesgefs remained in the static
Einstein state for an arbitrarily long period and then exjeghaway from that state under
the influence of the cosmological term. In thé&sddington-Lemaitrenodels, the age of the
Universe could be arbitrarily long. As Eddington expresigethe Universe would have
a “logarithmic eternity” to fall back on, and so resolve thanflict between estimates of
Hubble’s constant and the age of the Earth.

1.4.3  The Origin of the Chemical Elements

In the 1930s, there were two reasons why the synthesis ofttbimical elements
during the early stages of the Friedman world models wasita&gously. Firstly, the chem-
ical abundances of the elements in stars seemed to be rdavhatkaform. Secondly, it
appeared that the interiors of stars were not hot enoughuftiensynthesis of the chemical
elements to take place in their interiors. A starting poamtd cosmological solution to this
problem was to work out the equilibrium abundances of thenelgs at some very high
temperature and assume that, if the density and tempedgareased sufficiently rapidly,
these abundances would remain “frozen.”

In 1931, Lemaitre proposed that the initial state of thedfrian models consisted of what
he termed a “primaeval atom” (Lemaitre 1931b). Following diiscovery of the neutron in
the following year, this state could be thought of as a se@ofmons closely packed together.
The primaeval neutrons were supposed to decay into protahtha chemical elements, as
well as the cosmic rays, form in the subsequent nuclearaatiens. These ideas inspired
George Gamow’s attack upon the problem of the origin of trenubal elements. In 1946,
he extrapolated the Freidman models back to epochs wheretisities and temperatures
were high enough for nucleosynthesis to take place and feohedthe time scale of the
Universe during these early stages was too short to edtatiequilibrium distribution of
the elements (Gamow 1946).

15 The Cosmological Problem in 1939

By the end of the 1930s, there was a common view that the ealofithe cosmo-
logical problem lay in the determination of the parametengtvdefine the Friedman world
models. This became one of the great goals of the programbsgfreation to be carried
out by the Palomar 200-inch telescope (Sandage 1961) ansutisequent generation of
4-meter class telescopes. The challenge was to measuisglyghe parameters that char-
acterize the Universe: Hubble’s constafs,= R/R; the deceleration parametgs,= —R/R?;
the curvature of space = R?; the mean density of matter in the Univegsand, in par-
ticular, whether or not it attains the critical densiy, the age of the Universép; and the
cosmological constant. These are not independent. According to general relgtivit

(@-1)+3(A/HY) _Q 1A
(c/Ho)2 *=2 3R

whereQ = p/po is known as thelensity parametemwherep, is the critical density. The
determination of these parameters turned out to be amongdisé difficult observational
challenges in astronomy, and progress by the traditiomhinigques of optical astronomy
proved to be much more difficult than the optimists of the 198ust have hoped. The
Palomar 200-inch telescope was commissioned in 1948, armth mffort was devoted to

k=R7?2=
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the determination of cosmological parameters, partitutar Allan Sandage, who has pub-
lished a splendid review of this heroic endeavor (Sandagd)19

In compensation, completely new vistas were to open up #feeSecond World War as
the whole of the electromagnetic spectrum became avaifablastronomical observation
and completely new approaches to the determination of clogiital parameters and the
origin of structure in the Universe became possible.

16 Post-War Cosmology to 1970

1.6.1 Gamow and the Big Bang

The first detailed calculations of the expected abundarfd¢hs elements according
to Lemaitre’s concept of the “primaeval atom” were carriatin 1942 by Chandrasekhar &
Henrick (1942). They confirmed the expectation of equilibritheory that, if the elements
are in equilibrium at temperatures of aboutdB and densities of about 2&g m3, their
abundances should be inversely correlated with their bipneénergies. There were, how-
ever, several gross discrepancies with the observed ahoeslarhe light elements, lithium,
beryllium, and boron, were vastly overproduced and ironthedclements with mass num-
bers greater than about 70 underproduced. They suggestesbthe non-equilibrium pro-
cess was required.

In 1946, George Gamow found that the time scale of early esiparof the Universe
was indeed too short to establish an equilibrium abundahtteelements (Gamow 1946).
Neutron capture cross sections became available in 1946bgspeoduct of the nuclear
physics programs carried out during the Second World Wat,thase showed that there
is an inverse correlation between these cross sectionshencelative abundances of the
elements. In the first calculations carried out by Gamow aaigtRAlpher, the computations
assumed a sea of free neutrons and that nucleosynthestsoklglace after the temperature
had fallen belowkT = 0.1 MeV—the Universe was assumed to be static. This theory was
published in 1948 by Alpher, Bethe, & Gamow (1948) and theynfbreasonable agreement
with the observed abundances of the elements. The papestheswion to the necessity of a
hot, dense phase in the early Universe if the elements wéresgnthesized cosmologically.

In the same year, Alpher and Robert Herman (1948) carriedngquioved calculations,
including the cosmic expansion into their calculationsey healised that, at such very high
temperatures at early epochs, the Universe was radiatibarrthan matter-dominated and
they solved the problem of the subsequent temperaturerhistehe Universe. They came
to the far-reaching conclusion that the cooled remnant efhibt early phases should be
present in the Universe today and estimated that the tetupeaf this thermal background
should be about 5 K.

There was, however, a major problem with this picture—tlageeno stable nuclei with
mass numbers 5 and 8. Fermi and Turkevich calculated thetémolof the nuclear abun-
dances of the light elements including 28 nuclear reactionslements up to mass number
7 in a radiation-dominated, expanding Universe and theinlte were published by Alpher
& Herman (1950). These calculations showed that only aboatpgart in 16 of the initial
mass was converted into elements heavier than helium.

In 1950, Hayashi pointed out that, in the early Universegatgeratures only ten times
greater than that at which the nucleosynthesis took pldeeneutrons and protons were
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brought into thermal equilibrium by the weak interactions:
e +ne ptie VetN & p+e

(Hayashi 1950). At about the same temperature, electrsitrpn pair production ensures
a plentiful supply of positrons and electrons. Thus, rathan assume arbitrarily that the
initial conditions consisted of a sea of neutrons, the doyiilm abundances of protons,
neutrons, electrons and all the other constituents of thg Eaiverse could be calculated
exactly. In 1953, Alpher, Follin, & Herman (1953) deterndirtle evolution of the proton-

neutron ratio as the Universe expanded and obtained an areswvarkably similar to mod-

ern calculations. These ideas were, however, overtakehebgiscovery of the physics of
nucleosynthesis of the chemical elements in stars.

1.6.2  Steady-state Cosmology

Immediately after the War, many new ideas were in the airn&liiad developed his
theory of kinematic relativity, in which there are two timese associated with dynamical
phenomena and another with electromagnetic phenomenagNB48). Dirac had been
impressed by coincidences between the very large numbeaisyisics and the properties
of the Universe—for example, the square of the ratio of thensfths of electromagnetic
and gravitational forces is roughly equal to the numbersrofgns in the Universe (Dirac
1937). A consequence of his identification of these large bemwas the idea that the
gravitational constant should change with time. Eddindtad developed hiBundamental
Theory in which the cosmological constant appeared as a fundaihemnstant of nature
(Eddington 1946).

Steady-state cosmology was invented by Hermann Bondi, Bsdbold and Fred Hoyle
in 1948 (Bondi & Gold 1948; Hoyle 1948). They extended thentolgical principle
to what they termed thperfect cosmological principlaccording to which the Universe
presents the same large-scale picture to all fundamergahobrsat all times Hence, Hub-
ble’s constant becomes a fundamental constant of natusepédiffiect cosmological principle
led to a unique metric for the dynamics of the Universe wittozpatial curvature. Because
of the expansion of the Universe, matter has to be continyeusated in order to replace
the dispersing matter, the rate of creation amounting tg oné particle ri> every 300,000
years. A consequence of the theory was that the Universenfiagte in age, but the age
of typical objects observed in the local Universe is oéntygl. It was during a radio pro-
gram on cosmology in the late 1940s that Hoyle introducedstimeewhat pejorative term
“Big Bang” to describe the Friedman models with singulagoj which is eliminated in the
steady-state picture.

Hoyle set about finding an alternative means of understgritimformation of the chem-
ical elements by nucleosynthesis in stars and these coasmes led to his remarkable
prediction of the carbon resonance (Hoyle 1953) for the &diom of carbon in stars and the
important paper on the processes of stellar nucleosystbgdBurbidge, Burbidge, Fowler,
& Hoyle (1957). With these new insights, the abundances®ftiemical elements disap-
peared as evidence for a hot initial phase of the Universe.

In the 1950s, two important results were reported of ceimabrtance for cosmology.
The first concerned the value of Hubble’s constant. At thetimgeof the International
Astronomical Union in Rome in 1952, Walter Baade announbed the distance to the
Andromeda Nebula (M31) had been underestimated by a fat®Baade 1952). Hubble's
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constant was therefore reduced to 250 kinMpc™ andHg? increased to & 10° years. In
1956, Humason, Mayall, & Sandage (1956) revised Hubble'stmt downward again to
180 km s* Mpc™. These revisions eliminated the discrepancy between thefthe Earth
and the age of the Universe according to the Friedman mod#isAiv= 0. By the 1970s,
the value was reduced further to between 50 and 100 ®nMec™. The precise value
became a subject of considerable controversy, but thishwa®aen resolved, largely thanks
to the leadership of the Hubble Key Program by Dr. Wendy Freed the chair of this
Symposium (Freedman et al 2001).

The second concerned the number counts of radio sourceshibvaed that there was an
excess of faint radio sources. Martin Ryle concluded thattly reasonable interpretation
was that there was a much greater comoving number densitrafgalactic radio sources
at large distances, and hence at earlier cosmic epochsnéaahy. As Ryle expressed it in
his Halley Lecture in 1955, “there seems no way in which theeobations can be explained
in terms of a Steady-State theory” (Ryle 1955). This led tormeawhat bitter controversy,
both within the radio astronomical community and with thepgwnents of the steady-state
theory. By the 1960s, it was established that Ryle’s commtug/as correct, but the effect
was not nearly as large as had been believed in the 1950 deettee importance of source
confusion had not been appreciated.

Although steady-state theory is nowadays considered targelly of historical and sci-
entific sociological interest, there are some featuresefttrory that have a resonance with
contemporary cosmological theories. In the steady-siatarg,

e The density of the Universe is a constant
e The spatial geometry is flat
e The scale factor varies as ebti(to—t)}

These features have a rather familiar ring about them noysaatad correspond rather pre-
cisely to the present best-buy picture of the Universe, iitivtve are entering a phase when
its dynamics are to be dominated by the dark energy, equivaighe presence of a signif-
icant cosmological constark. In Hoyle’s version of steady-state theory, these proesrti
are attributed to the action of the creation fi€ldit is amusing to note that on the occasion
of Fred's 80th birthday celebrations in 1995, he gave a slitelecture to the Cavendish
Physical Society in which he stated that, if only he had dallee creation field), rather
thanC, he would now would be remembered as the originator of thatiofiary Universe.
William McCrea had, however, already had this deep insight951 (McCrea 1951).
McCrea realised that there was a quite different intergimtzof what Hoyle had done,
which bears a much closer resonance with contemporary dogsndo quote McCrea,

The single admission that the zero of absolute stress magtleésewhere than is currently assumed
on somewhat arbitrary grounds permits all of Hoyle's resudt be derived within the system of general
relativity theory. Also, this derivation gives the reswdtsintellectual physical coherence.

McCrea wrote the physics of the steady-state picture ingerha negative energy equation
of statep = —pc? and recovered the three features of the theory listed abhbigeintriguing
that McCrea had realised that there is nothing intrinsjcatiplausible about a negative
energy equation of state. Indeed, this is what we believeides the dynamics of the
Universe from now on.
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17 TheHelium Problem and the Microwave Background Radiation

In 1961 Osterbrock & Rogerson (1961) showed that the fraatiabundance of
helium seemed to be remarkably uniform wherever it couldtseosed and corresponded
to about 25% by mass. In 1964 O'Dell, Peimbert, & Kinman (9®4nd that the helium
abundance in a planetary nebula in the old globular clustEs Mso had helium abundance
about 25%, despite the fact that the heavy elements weresigaificantly depleted relative
to their cosmic abundances.

It is not often that a fundamental aspect of contemporarodegy is developed in the
course of a post-graduate lecture course, but this in factroed in the solution of the helium
problem. In the Lent term of 1964, my first year as a reseanglfesit in Cambridge, Fred
Hoyle gave a post-graduate lecture course entleiagalactic Astrophysics and Cosmol-
ogy. It was given twice a week to a remarkable group of researatesits, many of whom
went on to become leaders of astronomy. Fred would turn up afew notes scribbled on
what looked like the traditional envelope and run througlatwhdeed turned out to be many
of the key problems of astrophysics during the subsequexatos.

Toward the end of the course, he tackled the problem of thggrooif helium in the cos-
mos, reviewing the early work of Alpher, Gamow and Hermanwgé& Tayler and John
Falconer were in the audience, and they realised that thdy cse the EDSAC-2 computer
to carry out predictions of the cosmic helium abundance faide range of different cos-
mological models. In the course of the following two lectrhey unraveled in some detail
the implications of these calculations, and the result Wwagamoud\aturepaper by Hoyle
& Tayler (1964), which revived interest in the primordialngigesis of the light elements.
They found that about 25% helium by mass is synthesised iBign&ang, in remarkable
agreement with observation, and that this result is es#bnihdependent of the present
baryonic density. Hoyle and Tayler did not mention that theled remnant of the hot early
Universe should be detectable at centimeter wavelengthhefAand Herman’s prediction
had been more or less forgotten when Gamow'’s theory of pdabnucleosynthesis had
failed to account for the creation of the elements.

In the very next year 1965, the microwave background razhatias discovered, more
or less by accident, by Arno Penzias and Robert Wilson (19Bbying the commission-
ing of a 20-foot horn antenna designed for telecommuninatithey found an excess noise
temperature of about.3+ 1 K wherever they pointed their telescope at the sky. Robert
Dicke’s group in Princeton was attempting exactly this expent to detect the cooled rem-
nant of the Big Bang—it was very quickly realised that Pesziad Wilson had discovered
the signal sought by the Princeton physicists. Within a fesnths, the Princeton group had
measured a background temperature.6430.5 K at a wavelength of 3.2 cm, confirming
the black body nature of the background spectrum (Roll & Wikn 1966).

18 Conclusions

This seems an appropriate point at which to conclude thif beview. By the
late 1960s and early 1970s, the observational evidencegiyréavored what has become
the standard Big Bang framework for contemporary geonadtaind astrophysical cosmol-
ogy. The 1960s and 1970s were also decades during which tbke fidte of astronomy,
astrophysics and cosmology were revitalized through tlemimg up of the complete elec-
tromagnetic spectrum for astronomical observation. Soigigights of these observational
advances would include:
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e the discovery of quasars

e the strong cosmological evolution of all classes of actiglages

e the discovery of deuterium in the interstellar medium

e the discovery of gravitational lensing

¢ the discovery of the diffuse X-ray emission from clustergalaxies

e the observation of the Sunyaev-Zel'dovich effect

e COBEobservations of the spectrum and fluctuations in the cosnimomave background
radiation

e the discovery of the Type la supernova technique for estirgaiosmological parameters

e precise measurements of the distances of nearby galaxies

e the determination of the mean mass density of the Univerdarga scales

A corresponding list could be drawn up for theoretical acen

e the determination of the detailed thermal history of thevdrse

e the theory of the development of fluctuations in standardBgigg picture and the resulting
prediction of the spectrum of fluctuations in cosmic micreevhackground radiation

e the mathematical analysis of the large-scale structureeobiniverse

e constraints on the number of neutrino species and the eganigndics of the Universe from
primordial nucleosynthesis

e the cold dark matter scenario for the origin of structure

e the inflationary scenario for the very early Universe

e the use of massive parallel computing to simulate the onfilarge-scale structures in the
Universe

All these topics are now the bread and butter of modern casgyand will be discussed
in extensoduring this centennial meeting. It is startling to realisstjhow far we have
come in the matter of only 30 years. Few of us who began oumreBecareers in the
early 1960s could have predicted the enormous advancesserational and theoretical
cosmology, far less the extraordinary fact that there séerhe a concordance between the
many different approaches to geometrical and astropHysisanology. None of this could
have come about without the pioneering efforts of many gasibnomers whose endeavors
have been the theme of this survey. In turn, these astrorsocoeitd not have made their
discoveries without the tools provided by generous benefaof astronomy. Among these,
Andrew Carnegie’s name will always be remembered as thedusf the Observatories of
the Carnegie Institution of Washington, which has beencamtinues to be, at the forefront
of the best of contemporary astronomy and cosmology.
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