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PREFACE

THe Lowell lectures, held on the invitation of the Lowell In-
stitute in Boston in the autumn of 1931, had as their subject
the evolution of the ideas of mankind regarding the struc-
ture of the universe. They were not, and could not possibly
be, a complete history of the subject. Some salient points
were selected, and treated more or less fully, whilst long
periods were entirely skipped. My aim was not so much
historical accuracy in details — though of course I have en-
deavoured to be accurate — as the presentation of the lead-
ing principles and the evolution of the general outlook. And
especially I hope to have made clear the fundamental ele-
ments common to the attitudes at different epochs, which are
often apparently so different, and to have shown how at all
times the efforts of great men were directed towards the dis-
covery of the great principle of unity, which I cannot express
better than by the Greek word chosen as the title of the book.

Originally the course was to have consisted of eight lec-
tures, which had, by the force of circumstances, to be re-
duced to six. Some traces of the effects of this reduction may
still be visible at the end of the second and the beginning of
the fourth lecture. The substance of the lectures is essen-
tially as they were delivered, though the actual wording will
probably be very different, as I did not refer to a written text
while delivering them. The last two lectures have been
brought up to date. Especially the last needed considerable
alterations and additions. The conclusions of these two
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chapters may now be considered to represent the position of
science, or rather my personal appreciation of that position,
in March 1932.

In the preparation of the lectures I owe much to my col-
laborators at the Leiden Observatory, especially to Dr. Oort,
and in the revision of the last two chapters I have been ma-
terially assisted by the great benefit I have derived from
conversations with many astronomers and physicists during
my delightful stay in the United States and Canada, espe-
cially at Cambridge and Pasadena.

It is a pleasure, as well as a duty, to thank the Harvard
University Press for the great care devoted to the publica-
tion, and the Mount Wilson Observatory for permission to
reproduce several of its photographs.

LEipEN, April, 1932 .
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INTRODUCTION : AIMS AND METHODS OF
SCIENTIFIC RESEARCH - THE ANCIENTS;
PTOLEMY AND COPERNICUS

WE ARE living in a time of most remarkable development of
scientific ideas. Never in all the history of science has there
been a period when new theories and hypotheses arose, flour-
ished, and were abandoned in so quick succession as in the
last fifteen or twenty years.

Some of you will remember the publication in 1914 of
Eddington’s book: “On Stellar Movements and the Struc-
ture of the Universe.” This book contained the most recent
results in a domain on which during the last ten years the
interest of astronomers had been strongly concentrated. It
was a review of the position of science after the remarkably
fertile period of development which had followed after
Kapteyn’s discovery of the star streams in 1904, and was
considered by all astronomers, including its author, as mark-
ing a resting place on the road, where the data gathered in
different ways were collected, discussed, and arranged, in
order to make new plans for the continuation of the search
in the same direction. Looking back on it now, it impresses
us as the close of a former period. It is true that inv.stiga-
tions of the same nature have been continued; the plans that
were drawn up have been executed and have yielded the im-
portant results that were hoped for, but they have not, as
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was expected, dominated the evolution of the science, nor
indicated the chief direction of development.

On the contrary, it looks as if since that time we could not
speak any more of a chief direction, of one line in the progress
of science. New branches of astronomy have sprung up, ap-
parently independent of each other, and often leading to
contradictory results.

In the same year, 1914, Einstein’s “ Entwurf einer verall-
gemeinerten Relativititstheorie und Theorie der Gravi-
tation” was published. I need not call back to your mind
how many controversies, not always conducted in a dignified
manner, this theory has elicited. In November 1915 the
theory was completed and began its triumphal march through
the world, gaining its final victory as early as 1919 by the
results of the English eclipse expeditions. It seemed at first
as if here at least a safe harbour had been reached, where we
could rest and quietly sort out the treasures that the venture-
some voyage into new regions had brought us. But presently
the further development went in unexpected directions, and
brought most strange and paradoxical results.

In the domain of atomic physics the confusion has been
still worse. About the same time, now nearly twenty years
ago, Bohr’s theory was developed. The quantum theory
assumed a new aspect and soon rose to high esteem. But this
glory did not last long. The theory of fifteen years ago is
now an historical curiosity, known under the name of the
“classical quantum theory.” It has been successively re-
placed by the ““ new quantum theory,” the theory of matrices,
wave mechanics, each stranger and more paradoxical than
its predecessor. What used to be the most fundamental con-
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cepts of physical science, determinism and causality, are
called into doubt, the foundations of science appear to be
shaking, and it seems as if the whole building were tottering.

Is then the unity of science lost? Has the tremendous
exertion of the last twenty years only resulted in abolishing
our formerly so well-ordered kosmos, giving us chaos instead?

It would be a mistake to think so. To begin with, without
a solid faith in the existence of order and law no science is
possible. And modern science, however revolutionary and
undisciplined it may appear to be, is certainly science. It 1is
trying to do what science has always done, what is its most
important, if not its sole legitimate, function, viz. to corre-
late different phenomena. The ultimate aim of science is to
discover as much as is discoverable about the reality behind
the phenomena. Of the fundamental assumption that there
is a reality behind the phenomena, existing independent of
the fact whether and how it is observed, physical science
-has as little doubt as simple common sense. Strictly speaking
every assertion about what has not been observed is outside
physics and belongs to metaphysics. And although there is
nothing an orthodox physicist abhors more than metaphysics,
still he has no hesitation at all in believing that his laws are
universal and that the phenomena continue to happen accord-
ing to them just the same when nobody is looking. And,
since it would be impossible to prove that they do not, he is
fully entitled to his belief. The observed phenomena are the
interaction between this reality, of which we assi.ne the
existence, and our senses or our instruments, which are only
extended and refined sense-organs. Thus they certainly con-
tain something of that reality, and that part of it which they
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contain is all we ever can learn about it. But they also con-
tain much that is due to ourselves, and the difficulty lies in
separating those different elements. The laws of nature are
the expression of the regularities that are found in the phe-
nomena and the correlations between the different phe-
nomena, and it is these regularities and correlations that we
ascribe to reality and not to the observer. The laws of nature,
after all that is relative, due to the observer, has been elim-
inated, are for us the reality.

In different ages the appreciation of the meaning and the
aims of science may have been different, and in some epochs
more emphasis may have been laid on aspects which were at
other times considered to be of subordinate interest. But
this difference in attitude is more apparent than real; the
ultimate criteria by which scientific theories are judged are
invariably the same.

Every physical theory must begin and end in observation.
Its origin is the attempt to account for observed phenomena
on a basis of reason, and consequently the final test neces-
sarily is comparison with observations; no theory can survive
which is not able successfully to stand this test. This truth
has sometimes been lost sight of. Thus, during that period
of the middle ages when there was any science at all, the
works of Aristotle enjoyed an undisputed authority, and in
order to decide whether a theory was true or not, it was com-
pared not with observations but with Aristotle. The Greek
philosophers themselves, however, certainly were well aware
of the fact that science must be based on observation. Aris-
totle himself, Archimedes, Hipparchus, Ptolemy, must,
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without any doubt, be counted as experimental physicists
and astronomers. Even in the much abused middle ages
the critical attitude of mind is not entirely absent. The
derogatory remarks of King Alfonso X regarding the Ptole-
maic system of the world are well known, but it is only in the
sixteenth and seventeenth centuries that the necessity of
making observations is again felt very strongly. Perhaps
never in all history has the requirement of testing every
theory by observations been so strongly emphasised as by
the two great men whose work inaugurated the new epoch
of science, Kepler and Galileo.

During the whole development of science there is thus a
continual interaction between theory and observations. New
observations give birth to new theories and hypotheses, and,
on the other hand, the development and generalisation of
existing theories point out where new observations are re-
quired.

There are two methods by which science proceeds in the
building up of her theories. The one is by generalisation and
induction, the other by hypothesis. Both are legitimate
tools of science, and both have been used at all times. In
some periods, however, the one method has been in higher
esteem and in others the other.

The best examples of pure generalisation or abstraction
are found in the development of the science of mechanics,
and especially in the work of Sir Isaac Newton, whose out-
spoken abhorrence of hypotheses is well known. 8y his in-
fluence and the great authority of his name the purely in-
ductive method came to be considered as the only correct
one amongst his followers, and Laplace even finds it neces-
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sary to make a special apology when he indulges in an hy-
pothesis.

On the other hand the atomic theory and theories of radi-
ation are typical examples of successful application of the
method of hypotheses from the beginning, and especially in
the last quarter of a century the hypotheses have been grow-
ing very luxuriantly in this corner of the garden of science.

But whether the crop raised are generalisations or hy-
potheses, the seed is always derived from observation, and
the fruit must be confirmation by and correlation of more
observations.

The direction in which the development of science proceeds
in any particular epoch depends, of course, greatly on the
general tendency of prevalent philosophical ideas. An ex-
ample of contrasting points of view which can be followed
throughout the centuries is the antithesis between a statical
and a dynamical view of the universe. At the very beginning
of Greek philosophy, about the year 500 B.c., we meet with
the conflicting systems of Heraclitus and the Eleatic philos-
ophers, the first emphasising the ever-changing aspect of
nature, while the others considered existence the fundamental
fact and change to be more or less apparent. The Greek mind
was essentially static; Heraclitus is rather exceptional. The
whole development of Greek mathematics, culminating in
Euclid and Apollonius, is in the spirit of the Eleatic school.
It considers only discrete conceptions; the concept of motion
and continuity, of the infinitely small and the infinitely large,
is entirely absent until the time of Archimedes, who must be
considered as the first modern mathematician, as he also was
the first theoretical physicist. Archimedes, however, was an
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exceptional genius, whose ideas were a long way ahead of his
time, and have had little influence on the development of
Greek science in his own time and in the centuries immedi-
ately following. It is only when Galileo takes them up again
that they bear fruit and are further developed.

Also in the later development of science, and in our own
time, we find sometimes more stress laid on the evolution in
nature and at other times more on the permanency of the laws.
About the middle of the last century the evolutionary idea
received a great impetus from the work of Charles Darwin.
It is not entirely accidental that our present views on the
evolution of the planetary system and the universe are inti-
mately connected with the name of Sir George Darwin.
There are many characteristics in the work of the son which
remind one very forcibly of that of the father.

During long periods in history the development of science
appears to be slow, whilst at some epochs a sudden revival
springs up. These sudden developments of new ideas always
come after a great improvement in the technical means of
observation. In the history of astronomy there are three of
these epochs of accelerated progress.

The first, which may be characterised by the name of
Hipparchus, is so long ago that the reconstruction of the cir-
cumstances cannot but be largely hypothetical. But it is
certainly connected with the general technical progress dur-
ing the century of expansion of Greek civilisation after the
conquests of Alexander the Great.

The second, in the seventeenth century, comes after the
invention of the telescope and reached its climax in Newton’s

work.
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The third is inaugurated in the last quarter of the nine-
teenth century by the discovery of photography and spectros-
copy. We are still in the midst of it, and it does not yet
show any signs of abating its activity, or of having reached
the stage where the collecting of new results is succeeded by
the ordering of them into an all-embracing system.

A general feature of the development of science from its
first almost unconscious beginnings to the very elaborate
structure of today is the more and more artificial aspect that
the theories present to the superficial critic. The generalisa-
tions become wider and wider; general principles, like that
of conservation of energy, and others of equally wide range,
arise beside, and partly replace, the special laws. New con-
cepts, utterly different from those based on direct sense im-
pressions, are introduced by hypotheses. The picture that
science draws of the reality behind the phenomena is very
unlike the directly observed phenomena themselves.

This is unavoidable. The essential unity of nature is hid-
den deep below the surface, which is all that direct observa-
tion can show us. The belief in the existence of this unity, of
course, lies, and has always lain, at the base of all science,
the conviction that there is order and law in nature, that the
whole outer world, the universe, is a well-ordered system, a
unit. This is not a scientific thesis, or dogma, it is pre-
scientific, being rooted much deeper in our consciousness than
science is, it is what makes science possible. When Kosmos
was born out of Chaos, the soil was prepared on which
science could grow up.
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The origin of Greek science is lost in the hazy distance of
prehistoric times. The prediction of the solar eclipse of
585 B.c. by Thales is certainly only legendary. The begin-
ning of Greek science may perhaps be dated from the school
of Pythagoras (570 to 490 B.c.), though it is difficult to sepa-
rate the truth from the fables surrounding the mythical
person of its founder. It seems certain, however, that Pythag-
oras had a great influence on the whole spirit of Greek sci-
ence. And particularly the form of early planetary theories
has been largely determined by the strong preference given
in Pythagorean philosophy to the sphere and the circle as the
most perfect body and curve. The development of the plane-
tary motion in series of uniform motions in circles, which is
still used every day in its algebraical form of trigonometric
series, may be traced to this origin. It seems probable that
Pythagoras is the first who had the courage to think of the
earth as freely floating in space in the centre of the universe,
without needing any material means of support.

Pythagoras is also credited by some, though on entirely
insufficient grounds, with what is certainly one of the most
remarkable discoveries in astronomy, viz. the identity of the
morning and the evening star. When this discovery was
made, is, however, entirely uncertain. In the Greek cosmol-
ogy of the time of Homer, as well as in early Babylonian n-
scriptions, they are still two distinct stars. It seems probable
that the identity was only realised by Greek science about,
or shortly after, the time of Pythagoras. This discovery may
be compared with the similar discovery of the identity ofa
comet before and after perihelium passage. This last, of
course, was a direct consequence of Newton’s theory of gravi-
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tation, according to which the comet’s orbit must be a conic
section, and especially a parabola, instead of a straight line
as had been formerly assumed. Similarly the identification
of the two appearances of the inner planets as morning and
evening star may perhaps be connected with the theory of
circular motion of the planets.

At about the same time, round 500 B.c., the first attempts
at general theories of all physical phenomena appear, al-
though to our eyes in very crude form. The atomic theory
of Democritus dates from this same epoch, as well as the
system of Heraclitus, who explained everything by motion.

These theories were, however, still mostly speculative; the
origin of empirical, observational science comes later.

The first example of the mutual influence of theory and
observation is the system of homocentric spheres, devised by
Eudoxus (408 to 355 B.c.) and modified thirty years later by
his pupil Kalippus, a contemporary of Aristotle, so as to
make it agree with the observed facts within the limits of
accuracy attainable by the observations of that time.

Soon afterwards the system was abandoned altogether,
and replaced by the theory of excentric circles, chiefly to ac-
count for the great changes of brightness of the planets in the
different parts of their orbits.

Aristotle (384 to 322 B.c.), who for the later middle ages
was the great authority, lived in a time when Greek science
was still in its beginnings. About a century later we find a
stage of much farther development. Of the great names of
that time we shall mention only three: Eratosthenes, Aris-
tarchus, and Archimedes.

Eratosthenes, about 200 B.c., measured the diameter of
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the earth by determining the difference of latitude between
Syene in Egypt and Alexandria. His result is only about 1%
in error.

Aristarchus was the first to determine”the distance of the
sun from the earth by actual measurement. He also deter-
mined the apparent diameter of the sun, which he makes
equal to 1/720 of the circumference of the ecliptic. Aristar-
chus then finds the distance of the outermost planet of the
solar system, Saturn, by the proportion 4:¢ = a: R, 4 being
the radius of the earth, 4 the distance of the earth from the
sun, and R the radius of the sphere containing the whole solar
system. The remarkable convincing power of analogies like
this, which to our mind appear to be absolutely baseless, has
survived during a great many centuries; the same reasoning
is used, not only by Archimedes, but even by Kepler.

Aristarchus also was the author of the heliocentric system
of the planetary motions. As Dreyer has shown, this system
was probably developed from that of the excentric circles,
by bringing all centres to co-incidence in the sun, by which
it was practically transformed to Tycho’s system. Having
gone thus far, Aristarchus at once took the further step —
from Tycho’s system to that of Copernicus — by making
the earth revolve round the sun instead of the sun with all
the planets round the earth.

Aristarchus realised that his system involved enormous
distances for the fixed stars, and he says that the sphere of
the earth is to that of the stars, as the centre of a sphere is to
the surface. Archimedes, as the conscientious mathemati-
cian that he was, objects to this, since the centre, having no
dimensions, has no ratio to the surface. This mathematical
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quibble is, however, not used as an argument against the
system. It does not appear whether Archimedes adopted or
rejected the heliocentric system.

Archimedes (289 to 212 B.c.), the greatest of all, is the
founder of theoretical physics, the first who made experi-
ments with the special purpose of subjecting them to mathe-
matical reasoning. He laid the foundations of the science of
mechanics by discovering the laws of the centre of gravity,
of the lever, and of floating bodies. His mathematical meth-
ods contain the germ of the infinitesimal calculus; he is the
first to define a curve by the motion of a point instead of by
statical properties, and to introduce the concepts of con-
tinuity, and of the infinitely large and of the infinitely small.
In his remarkable little treatise, called Yauuirys, or in the
Latin translation “Arenarius,” he proves that the number
of grains of sand which would be sufficient to fill up the whole
universe, though extremely large, is not mathematically
infinite.

About a century again after the epoch of Aristarchus and
Archimedes comes Hipparchus (1go to 12§ B.c.), who has
been rightly called the father of astronomy. The problems
first tackled by him are the great problems of fundamental
astronomy, which still continue to occupy us: the determina-
tion of the equinox, the determination of the length of the
year, the elements of the orbits of the sun and the moon. He
also made the first catalogue of stars, and is the discoverer of
precession. The value of the precessional constant generally
quoted as determined by Hipparchus, viz. 36" a year, is not
the one actually derived by him. He determined the differ-
ence in longitude between the star Spica and the moon during
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a lunar eclipse, and found a difference of two degrees in
150 years, 1. €. 48" per annum, only 4%, different from the
true value.

The discoveries of Hipparchus were made possible by the
improvement of the instruments, especially by the introduc-
tion of diopters and divided circles.

The knowledge of astronomy of the ancients has been
crystallized in the work of Ptolemy, about A.p. 130, the
“Almagest” or “Great Array.” This work contains the
well-known theory of the planetary system; the motions of
the planets are analysed in uniform motions along circles, the
centres of which in their turn move uniformly on other cir-
cles, etc. The earth is the centre of the universe. The ac-
curacy of the observations had been so much increased that
one circle for each planet, as in the system of excentrics and
in the heliocentric system of Aristarchus, was no longer suf-
ficient, but several epicycles were required for each planet.

The relation between the two systems may be seen from
Fig. 1, where the full lines represent the Ptolemaic system of
epicycles, and the dotted lines the system of excentric circles.
The earth is at 4, the planet at P. In the older system the
planet moves on the “excentric circle,” and the centre C of
this circle describes the “concentric circle.” In the later sys-
tem the planet moves on the “epicycle,” of which the centre
D is carried on the “deferent.” The sun, in both systems,
moves in a circle round the earth. Its position at the moment
is represented in the diagram by the dot with a small circle
round it. In the system of excentrics the centres of all the
excentric circles are always on the line joining the sun to the
earth; in the Ptolemaic system the radius DP is always paral-
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lel to the direction from the earth to the sun. It will be seen
that the two systems give the same representation of the
observed relative positions.

In the system of excentric circles the simplification of
putting the sun (of which we know only that it is on the line
AC, but not where it is on that line) in C, and having only
one concentric circle (viz. the orbit of the sun) for all planets,

FIGURE 1

The system of excentric circles and
the system of epicycles

is, of course, rather obvious. This leads to the Tychonic
system. The further step to the Copernican system is not
wide. It consists only in keeping C fixed as the centre of the
world, and making A revolve round C, instead of C round 4.
Figure 2 shows directly the equivalence of the Ptolemaic
system, represented in the left-hand half of it, and the Coper-
nican system, represented in the right-hand half. A4 is the
earth, Z the sun, and P the planet. The figure shows very
clearly the superior simplicity of the Copernican system.
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This gain in simplicity, however, would not be so striking
if we had not reduced the system to its simplest form, by
leaving out all the secondary epicycles that Hipparchus and
Ptolemy had added to the system, in order to make it repre-
sent the observations.

The difference between the system of Ptolemy and that of
Copernicus is a purely formal one, a difference of interpreta-

FIGURE 2

The Ptolemaic and the Copernican systems

tion only, not of the mathematical contents of the theory.
That the heliocentric system was never mentioned in Greek
science after Aristarchus, must no doubt be explained by the
greater complexity of the later planetary theories. After the
introduction of so many epicycles, the simplification realised
by placing the sun in the centre was so much les. striking
than in the case of the simple theory of Aristarchus’ days,
that it appeared hardly worth while. The equivalence of the
geocentric and heliocentric systems was, however, perfectly
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realised. But the Greeks, at least since the first century B.c.,
left the examination of ““ true causes” to physics, i. €. to what
we would call metaphysics. Astronomy had for its only task
to describe the planetary motions in a formally correct way,
to account for the observed phenomena: séfew 7d pawbpeva
— which we should be careful not to translate too literally
as “saving the appearances.”

In the later middle ages, the time of the scholastics, the
writings of Aristotle were the great authority, and were sup-
posed to contain all the wisdom of the ancients. There is,
however, a distance of nearly five centuries between Aristotle
and Ptolemy, and it is, of course, historically entirely incor-
rect to represent the work of these two men as belonging to
practically the same stage in the development of science, a
mistake that even in our own time is often made.

Ptolemy is the last Greek astronomer. Nothing was added
to science after his time, and Greek civilisation was finally
destroyed by the burning of the library of Alexandria by the
Christian mob in A.p. 389.

Then come the dark ages of orthodox ignorance. The
Greek writers were only rediscovered in the twelfth and
thirteenth centuries in Arabian translations, but the teaching
of Aristotle was still forbidden at the University of Paris in
1215. Only very gradually the way was cleared for Coperni-
cus, who took the same step that Aristarchus had taken
eighteen centuries before him.
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II

BIRTH OF MODERN ASTRONOMY - KEPLER,
GALILEO, NEWTON - THE EIGHTEENTH
CENTURY

THE greatest observer of the pretelescopic time is TycHo
Brane. A Swedish nobleman by birth, he travelled in his
youth and was recommended to King Frederic II of Den-
mark by the astronomer-duke William IV of Hessen. The
King gave him the isle of Hveen, where he built his famous
observatories Uraniborg and Stjerneborg. He was a born
observer, and for him the making of observations was the
primary and necessary thing. Tycho has often been blamed
for rejecting the system of Copernicus and replacing it by his
own having the earth in the centre. He does, however, de-
serve no blame for this, but rather praise. He adopted Co-
pernicus’ system so far as it could be reconciled with his ob-
servations, i. e. he made all the planets revolve round the
sun. But in the further step of placing the sun in the centre
he could not follow Copernicus, since he had, as he thought,
observational evidence against it. He had tried to determin¢
the parallaxes of the fixed stars and found that they were
smaller than could be observed with his instruments. The
enormous distance which this implied for the fixed ..ars was
of course one of the current arguments of the time against
the Copernican system. But this was not Tycho’s objection;
he was convinced that he had observed the diameters of the
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fixed stars, and his argument was that, as he found no paral-
lax, the real diameter must be much larger than the orbit of
the earth round the sun, and this was to him unacceptable.
Galileo has shown where the flaw in the argument lies, viz.
that the diameters Tycho thought he had measured were not
true angular diameters but were produced by irradiation in
the eye. As Galileo says, the eye provides the star with an
envelope of hair that is shorn off by the telescope. Kepler
had previously found the same explanation.

After the death of King Frederic difficulties arose for
Tycho in Denmark and he went to Prague, where Kepler
came to him to work as his assistant. It is very interesting
to read Kepler’s appreciation of Tycho, as he expressed it in
a letter to Maestlin. He writes:

My judgement about Tycho is this: he is immensely rich, but, as
most rich people, does not know how to use his riches. One must
therefore try (and I for one have done so with all convenient dis-
cretion) to wrest his treasures from him, to persuade him to pub-
lish his observations, all of them, without any reserve.

And again in another letter to the same lifelong correspond-
ent, written shortly after Tycho’s death:

That which Tycho has achieved, he has achieved before the
year ’g7; from that time onwards his condition turned to the worse,
he was besieged by tremendous cares and began to become puerile.
The inconsiderate departure from his native country oppressed
him. The court here [i. e. in Prague] has absolutely ruined him.
He was not the kind of man, who might live with everybody with-
out serious difficulties, not to speak of the intercourse with men in
such high positions, the supercilious counsellors of kings and
princes. Tycho’s principal achievement are his observations, many
voluminous books as numerous as the years during which he has
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conducted this work. But also his Progymnasmata (in which he
treats of the fixed stars and the motion of sun and moon for our
time) really have a fragrance of ambrosia. I hope to publish them
at the next annual fair; I am making a supplement to it. With re-
gard to the moon: in the last years the work has chiefly been done
by a certain Christian Severini Longomontanus of Denmark under
Tycho’s direction. This work does not show the superiority that
is found in the theory of the sun. About the comets Tycho in-
tended to write another book; about the planets he has performed
quite learned, industrious investigations, but rather in the way of
Ptolemy, mutatis mutandis, just as Copernicus also has done. You
can see from that how God distributes his gifts; no one of us can
do everything. Tycho has done the same as Hipparchus; that is
with reference to the foundation of the building; he has in this
completed an enormous work. But one man cannot do all. Hip-
parchus requires his Ptolemy to build the theories of the other five
planets on his foundation. Already during Tycho’s lifetime I have
done this.

No apology is needed for these lengthy quotations. They
are interesting not only because they show that Kepler
formed an entirely correct estimate of the importance of
Tycho’s work, and the relation between it and his own, but
also because they give an insight into the character of that
very remarkable man, Jouannes KepLer. He was born in
1571, studied divinity in Tiibingen, and in his twenty-third
year was appointed State Mathematician and Professor in
Graz, where he married and where he wrote his first work:
“Prodromus dissertationum cosmographicarum seu myste-
rium cosmographicum.”

He had a rich phantasy and a mystical disposition, he was
still entirely under the influence of the scholastics and readily
accessible to their ways of reasoning; thus, e. g, he adopts
with absolute conviction the argument of Aristarchus about
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the proportionality between the radius of the earth, the dis-
tance of the earth from the sun, and the radius of the sphere
containing the whole solar system. He even adds two more
members to this sequence. As another example of this influ-
ence may be considered his method of finding the total mass
of the universe. He divides the total mass into three equal
parts, viz. the mass of the sun, the mass of the planets, to-
gether with that of the aether within the sphere of the fixed
stars, and the mass of the fixed stars and the material which
forms that sphere. By a similar reasoning about propor-
tionalities he computes the radius and the volume of the
sphere of the fixed stars and thus finally finds the density of
the aether.

On the other hand he often expresses opinions far in ad-
vance of his time. Thus, in letters written about the same
time he suggests the possibility that the sun is a fixed star
and that the fixed stars are suns surrounded by planets.

Evidently he feels closely related to the Pythagorean
school; the name Pythagoras often occurs in his letters,
whilst Aristotle is never mentioned.

In the Prodromus he exposes the system of the five regular
bodies (he calls them the Pythagorean bodies), which he uses
to explain the distances of the planets. He supposes Saturn
to be attached to a sphere; within that sphere is described a
cube; to the sphere inscribed in that cube Jupiter is attached.
Then comes a tetrahedron and within that the sphere of
Mars, etc. The large distance between Jupiter and Mars is
explained by the fact that it is the tetrahedron which is be-
tween their spheres. The thickness of the spheres is used to
account for the excentricities of the planetary orbits.
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However phantastic these first attempts may be, they
show the independence of his mind. He wants to find out
the truth for himself, unfettered by any tradition and recog-
nising no authority beyond the evidence of the ascertained
facts. In Prague, when he had access to Tycho’s observa-
tions, he saw the possibility of making new planetary the-
ories, free from all hypotheses, and based on observation
alone, and he forthwith made this his life-work. He is the
first who has finally done away with the circle and the uni-
form motion. From his point of view there was not much
difference between the systems of Ptolemy and Copernicus.
Kepler went to work without any preconceived ideas about
what the true form of the planetary orbit was going to be.
He tried one curve after another, before he finally found the
ellipse. But he was never discouraged by his failures: “Who
never doubts, can never be sure of anything,” he says, and
goes on to make another attempt.

Especially the finding of the second law took him a long
time; he tried several relations before he found the true law
expressing how the velocity depends upon the distance. First
he supposed the velocity to be proportional to the diameter
of the sun as seen from the planet; afterwards he made it
proportional to the quantity of light the planet receives from
the sun, which is the correct law. Concurrently with these
investigations he indulges in the wildest speculations. But
these never were more than “working hypotheses” to him,
and he was as ready to give them up as he was fertile in in-
venting them.

Gilbert’s book on the magnet, which appeared about this
time, made a deep impression on him and confirmed him in
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his conviction that the force which the planets experience
originates in the sun.

As an evidence of his enthusiasm, optimism, and force of
mind may be given another quotation from the same letter
to Maestlin, written after Tycho’s death. He has been given
the care of Tycho’s instruments and unpublished observa-
tions, but he knows not yet whether he will also succeed
Tycho as Imperial Astronomer, and by the salary attached
to that position (which salary was, however, only rarely
paid) will be enabled to publish Tycho’s works and to con-
tinue his researches. He writes:

How the answer will be time will show. I myself am full of hope.
For, when God has provided me with that which is most important,
viz. a subject on which I can use my talents, He will also provide
the necessary money. If, however, God takes an interest in astron-
omy, which to believe piety requires, I hope that I shall achieve
something in this subject, as I see how God has united me with
Tycho by constant destiny and has not let us be separated, even
through the worst of disagreements.

Modern physics is usually taken to originate with GALILEO
(1564 to 1642). He was born in a time when new ideas were
already rife, and doubt of the authority of Aristotle began to
arise. His education was of the best that the times could
afford. At the university of Pisa, where he stayed for three
years, he heard lectures on astronomy in his third year. In
these lectures the system of Copernicus was mentioned, as
a heresy, of course, like those of Pythagoras and Aristarchus,
but also the new determination of the length of the year by
Copernicus (which is at the base of the Gregorian calendar)
was discussed. After his three years at Pisa he went to Flor-



GALILEO 25

ence, and there he continued his work independently. It is
in this time that he studied the works of Archimedes, which
made a great impression on him. He may be said to be the
direct successor of Archimedes as a theoretical physicist.
Thus his first researches are about the centre of gravity,
hydrostatic pressure, and the determination of specific
weights by means of the hydrostatic balance.

The important event which decided his destiny was the
invention of the telescope. It seems certain that Galileo
found out for himself how to construct a telescope, and
actually made one, after hearing rumours about those made
in Holland. The many important discoveries made with
his telescope have been of the greatest influence on the
development of astronomy. He was the first to see the satel-
lites of Jupiter, the phases of Venus, the strange appendices
of Saturn, afterwards interpreted as the rings by Huygens.
He discovered the spots on the sun and from them derived
the rotation of the sun. He observed that the milky way
consists of a great number of stars; this was the first time in
history that the fixed stars were made a subject of research
for their own sake, and on this observation is based the first
theory of the milky way, that of Kepler, who assumed it to
be a ring of stars.

All these discoveries, especially that of Jupiter’s satellites
and the phases of Venus, have been of great weight in the
decision between the system of Copernicus and that of
Ptolemy. It is well known that Galileo’s championship of
the Copernican system is what led to his martyrdom, which
to a large extent is responsible for the prominent position
he occupies in history. It is a rather remarkable fact that
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this formal difference between the current and the new
planetary systems should have been singled out by the
Church, Roman Catholic as well as Protestant, and by public
opinion, as the one outstanding modernisation and heresy.
As an explanation of the observed phenomena they are en-
tirely equivalent, as was already known to the ancients. In
astronomy the work of Kepler is much more revolutionary
and of much greater fundamental importance. And the same
is true in still higher degree of Galileo’s own work on the
subject of mechanics. Public opinion is not a good judge in
picking out the essential points of the profound changes of
outlook that are going on at any time. In the first decades
of the sixteenth century the real conflict was between new
and old, between science based on observations and science
based on authority. The Copernican system was, erroneously,
selected as the scapegoat. Similarly in our own times the the-
ory of relativity is popularly held up as upsetting everything
and contrary to tradition and common sense, whilst in reality
the work of Rutherford, Bohr, and their successors is much
more revolutionary.

The really important part of Galileo’s work is not his ad-
vocacy of the Copernican system, but, apart from his obser-
vations, his investigations in the domain of mechanics, which
are a direct continuation of the work of Archimedes. Until
Galileo’s time the doctrines of Aristotle were generally ad-
hered to, in which the position of a body is considered as the
primary thing: a change of position, i. . a velocity, requires a
force to cause and maintain it. For Galileo the velocity is the
primary thing, that does not require an explanation: it is ac-
celeration for which a cause must be found. His laws about
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free-falling bodies, the pendulum, the law of inertia, date from
his early years, about 1604. He enounced for free-falling
bodies the law of the increase of the velocity proportionally
with the time, i. e. the constancy of the acceleration. He has
been on the verge of the definition of mass, inertia, constancy
of momentum, all those fundamental concepts of the science
of mechanics which have only been made into a consistent
system by Newton, three-quarters of a century later.

In his subsequent life Galileo was drawn away from these
theoretical investigations by his observational work with the
telescope, and his interests were more in a practical direction.
Amongst other problems he turned his attention to the find-
ing of longitude at sea, and pointed out the possibility of
using the eclipses of Jupiter’s satellites to that end.

In his last years, when he was old and blind, Galileo made
projects for the application of the pendulum to the measure-
ment of time; so he was, more or less, on the way towards the
invention of the pendulum clock.

By the invention and improvement of the telescope a
period of great progress is inaugurated. It does not come
suddenly but ripens only gradually. The telescope at first,
even after it had been optically much improved, was only
an instrument of discovery. The great need of theoretical
astronomy, after Kepler had derived from the observations of
Tycho all that they could give, was for increased accuracy in
measurement for the determination of positions. Before this
could be achieved, the mechanical parts of the instruments,
the mountings, the divided circles, had to be improved so as
to catch up with the sudden enormous optical improvement.
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In this general improvement of mechanical devices one of
the leading personalities is PicarD (1620 to 1682, the founder
of the Connaissance des Temps). He may be called the first
modern observer, the Bessel of the seventeenth century. He
was the first to use a telescope on an instrument for measuring
angles, and also the first to give a theory of instrumental errors.

So the advantages of the new observational results became
only gradually available, and not before Newton’s time was
the corresponding progress in theory made. The same un-
avoidable delay of theoretical after observational advance
is notable in our times: photography and spectroscopy were
discovered about 1865, whilst the great revolution in theory
did not take place until about 1915.

The dominating personality of the time of theoretical de-
velopment is SIR Isaac NEwTON (1643 to 1727).

His principal achievements are the discovery of the law of
gravitation and the creation of the system of mechanics
based on the law of inertia.

His great book, the “Principia,” is by far the most beauti-
ful example of reasoning purely inductive, without one single
hypothesis.

He starts from his definitions:

Definition I. The quantity of matter is the measure of the
same, arising from its density and bulk conjunctly.

Definition II. The quantity of motion is the measure of the
same, arising from the velocity and quantity of matter con-
junctly.

As regards I, we are accustomed nowadays to define den-
sity as the quotient of mass and volume, but to Newton’s
mind density evidently is the fundamental conception.
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Newton adds that if there is a medium, filling up the space
between the parts and able to move freely between them,
that should not be taken into account.

Newton’s definitions are not axioms but simply explana-
tions of the meanings of the technical terms he is going to use.

The chapter of the definitions is closed by the scholium, in
which Newton explains that it is not necessary to define
space and time, as being sufficiently familiar, but he says
expressly that there exist an absolute space and an absolute
time, independent of the material contents and well to be
distinguished from the relative space and time which are
used to measure absolute space and time by material means.

Then follow the three laws of motion, the first of which is
the law of inertia.

Law I. Every body perseveres in its state of rest, or uniform
motion in a right line, unless it is compelled to change that
state by forces impressed thereon.

Law II. The alteration of motion is ever proportional to the
force impressed; and is made in the direction of the right
line in which that force is impressed.

Thus to Newton’s mind mass (derived from density and
volume) is fundamental, then momentum is defined as the
product of mass and velocity, and change of momentum is
proportional to the force. In the mechanics of the begin-
ning of the twentieth century it is natural to consider the
second law as the definition of (inertial) mass, thus starting
from acceleration and force, force being a fundamctal con-
cept. Einstein returns to Newton’s conception, considering
not the force but the density as the fundamental thing, and
the force, or the potential, of which it is the gradient, is
derived from the material density.
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Law III. To every action there is always opposed an equal
reaction; or the mutual actions of two bodies upon each
other are always equal and directed to contrary parts.

This law more or less loses its importance if mechanics is
also applied to forces that are not central. In the way Newton
expresses it, it is only valid for forces in the direction of the
line connecting the two bodies considered, and can be de-
rived from the law of conservation of momentum.. As being
a combination of I and II, it is less fundamental than these.

After the introductory chapters of Definitions and Laws
of Motion, the first two books are devoted to the working
out in detail of the system of kinematics and dynamics based
on them. The third book brings the general law of gravitation,
which is deduced step by step from the observations:
15t phenomenon: the orbits of the satellites of Jupiter around

the planet are in accordance with the laws of Kepler,
2nd phenomenon: the planets describe orbits around the sun,
3rd phenomenon: in the orbits of the planets Kepler’s second
law is obeyed,

and so on. Thus gradually by careful deduction the general
law of gravitation is arrived at.

The “Principia” ends with the “ Scolium generale,” which
gives somewhat the impression of a profession of faith. It
begins with the words, “The hypothesis of vortices is pressed
with many difficulties,” and ends:

But hitherto I have not been able to discover the cause of those
properties of gravity from phaenomena and I frame no hypotheses;
for whatever is not deduced from the phaenomena is to be called
an hypothesis, and hypotheses, whether metaphysical or physical,
whether of occult qualities, or mechanical, have no place in Experi-
mental Philosophy. In this philosophy particular propositions are
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inferred from the phaenomena and afterwards rendered general by
induction. Thus it was that the impenetrability, the mobility and
the impulsive force of bodies, and the laws of motion and of gravi-
tation were discovered. And to us it is enough that gravity does
really exist, and acts according to the laws which we have ex-
plained and abundantly serves to account for all the motions of the
celestial bodies and of our sea.

Newton’s great renown and authority have contributed
much to the high esteem enjoyed by purely inductive reason-
ing. The period of pure logical induction began with Kepler,
reached its height in Newton’s work, and went on during the
whole of the eighteenth and nineteenth centuries. It seems
to be closed now however: in our times theory is again bris-
tling with hypotheses.

A point of interest is the question why Newton waited
such a long time before publishing the “Principia.” It is
almost certain that he discovered the law of gravitation in
1665, whilst the book only appeared in 1687, and he had kept
it so secret that only some very intimate friends knew about
it. It has often been assumed that the reason of this delay
was the imperfect knowledge of the radius of the earth,
which spoilt the comparison of the theory with observations.
A more plausible explanation, however, is the one given in
1887 by Adams and Glaisher. Newton had found it very
difficult to prove that the resultant force, with which a homo-
geneous sphere acts on a point outside it, is the same as it
would be if the whole mass of the sphere were concentrated
in the centre. So long as this apparently comparatively un-
important but really fundamental point had not been cleared
up to his entire satisfaction, he considered the theory as not
finished and shrinked from publishing it.
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Newton’s theory was far from being generally accepted at
once. Huygens and Leibniz felt an aversion of its formal
character, an antipathy against action at a distance. Huy-
gens saw very well that Descartes’ theory of vortices was in
many respects untenable, but it explathed at least 4ow the
force is transmitted, and did not use the mysterious action
at a distance. Many of the contemporaries of Huygens had
the same objection, and only in the time of rationalism, the
age of Voltaire, did philosophers and men of science generally
surrender to Newton’s way of thinking.

Gradually the spirit of Newton has conquered the whole
world. The law of gravitation came to be considered as the
ideal physical law, the model after which all laws had to be
shaped. Thus we find attractions and repulsions propor-
tional to some inverse power of the distance all over physics
for a considerable time. The elaboration of the law of gravi-
tation itself and its application to the planetary perturba-
tions was the work of the great mathematicians of the eight-
eenth century: Euler (1707 to 1783), Clairaut (1713 to 1765),
Lagrange (1736 to 1813), culminating in Laplace’s great
work, the “ Mécanique céleste.”

Besides this mathematical development there is also a
progress in the development of observational astronomy.
Important events are the foundation of the observatory in
Paris in 1669, and that of Greenwich in 1675; the first
Astronomer Royal, Flamsteed (1646 to 1719) may be men-
tioned here. His great successor, Halley (1656 to 1742), has
enriched astronomy by many important discoveries. He
was the first to discover the proper motions of the fixed stars
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and the secular term in the longitude of the moon, by a com-
parison of observations made in his own time with those of
the Greek astronomers and with Arabian observations made
in the tenth and eleventh centuries. He made the first cata-
logue of southern stars, having undertaken to that end an
expedition to St. Helena. He was not only an observer, but
a theoretical astronomer as well; he applied the theory of
gravitation to the comets, and his tables of the motions of
the planets were for a long time the best in existence.

It cannot be our aim to give a history of astronomy during
the eighteenth century, or even to mention the chief events
in that history. I will, however, mention two more names,
before we make the jump over a century from Newton to
Herschel.

Ole Roemer (1644 to 1710) discovered from the eclipses of
Jupiter’s satellites the finite velocity of light, he built the
first meridian circle, and probably also the first equatorially
mounted telescope.

James Bradley (1693 to 1762), “vir incomparabilis,” dis-
covered nutation and aberration and laid the foundations of
modern fundamental astronomy.

All these discoveries are the natural outcome of the de-
velopment of the art of observation as a consequence of the
evolution in the technique of instrument making. Astro-
nomical observation for a time reached its height in Bradley,
and has only been surpassed much later.
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THE BEGINNING OF SIDEREAL ASTRONOMY -
WILLIAM HERSCHEL AND HIS SUCCESSORS

THrRoOUGHOUT the whole of astronomy up to the end of the
eighteenth century hardly any attention had been given to
the fixed stars. The conception of the ancients that the fixed
stars are attached to a sphere and thus all have the same dis-
tance from us, has only gradually been overcome. Kepler
still speaks of the fixed stars as being confined to a shell be-
tween two spheres and says not much more about them.
The first actual determination of the distance of a star is
that of Sirius by Huygens. There are two simple properties
of light on which the determination of distances can be made
to depend: the rectilinear propagation, which is the founda-
tion of the trigonometric methods of determining parallaxes,
and the diminution of the intensity inversely as the square
of the distance. The trigonometric method is the more funda-
mental one; we only resort to the second alternative for dis-
tances which are too large for the first. So it wasin all times, -
only up to nearly the middle of the nineteenth century al/
distances were too large for the direct trigonometric method.
It had been tried by Tycho; Kepler had suggested it to
Galileo, indicating the exact observations to be made and
the dates on which they should be taken. The principal in-
centive for making these observations, however, was not to
find the distances of the stars, but to prove the Copernican
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system by the parallactic motion. The distance as deter-
mined from the intensity of the light, of course, would be
practically the same whichever planetary system were the
true one.

Huygens compared the light of Sirius with that of the re-
flection from a small sphere of glass of a small portion of the
sun’s disc cut out by a diaphragm. Assuming the true lumi-
nosity of Sirius to be the same as that of the sun, he found
the distance 28000 times the distance of the sun, and con-
cluded that the parallax must be too small to be measured.
The same conclusion he also drew from the fact that the
stars Mizar and Alcor show no relative motion with an an-
nual period. He thus anticipates by more than a century
Herschel’s suggestion to determine relative parallaxes from
the relative displacements of bright and faint stars, which
are close together in the heavens, assuming, as Herschel did,
that the intrinsic luminosity is the same. It is well known
that Herschel, by actually trying this method in several cases,
did not find a parallax, but made the discovery of binary
stars. Had Huygens known, as we do now, that the light of
Sirius is about twenty-five times that of the sun, his distance
would have come out only four times too large, instead of
twenty times.

WiLLiam HERSCHEL is the first to have the idea that the
fixed stars form a system having a certain structure and to
study this structure for its own sake, basing the invustigation
of it on actual observations.

Kepler and Huygens had suggested that the sun was a star,
and the stars were suns, attended by planetary systems.
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Kant and Lambert — starting from very different principles
and reasoning on different lines — had both built up systems
of the world which are entirely speculative. The only certain
fact concerning the structure of the stellar system known be-
fore Herschel began his work was that the milky way con-
sists of many stars. This had been discovered by Galileo.

Special mention should however be made of Herschel’s elder
contemporary John Michell who published (in 1767) some
remarkably correct views regarding clusters of stars, and on
proper motion, which he considered must be partially due to
the motion of the sun, pointing out that the secular parallax
may in time give a means for the determination of the dis-
tance. The direct measurement of parallaxes, he says, will
have to await the construction of better telescopes, able to
show a twentieth of a second of arc, which he does not con-
sider hopeless in future. But he says nothing on the milky
way, nor on the general structure of the stellar system.

Herschel points out that we know from direct observation
only two codrdinates of the stars; the third, the “ profundity”
as he calls it, is unknown.

The stars are very different in brightness —is this due
only to their different distances, or are they also different in
intrinsic brightness, ‘“luminosity” as we call it now, by a
name introduced by Kapteyn?

The distribution of the stars over the sky also is very in-
homogeneous. Is their real distribution in three-dimensional
space regular and homogeneous or not? We have thus really
two unknowns: the luminosity and the density. It was only
Kapteyn who tackled the problem in its completeness.
Herschel only began. He makes the assumption that the
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luminosity of all stars is the same, and that the density is
constant. Evidently these two assumptions are contradic-
tory, 1. €. not a priori: a universe might exist in which both
are true, but it would look very different from ours.

In Herschel’s first communication “On the parallax of the
fixed stars” (1781) he enounces explicitly the two following

GENERAL PostuLaTA

I. Let the stars be supposed, one with another, to be about
the size of the sun.

2. Let the difference of their apparent magnitudes be owing
to their different distances, so that a star of the second,
third, or fourth magnitude is two, three, or four times as
far off as one of the first.

With respect to the first I remark that it appears in several
places that Herschel considers the surface luminosity of the
sun and the stars to be the same; “size” thus refers to the
actual dimensions.

With respect to the second Herschel himself says in a foot-
note that this amounts to a definition of magnitude. The
scale of magnitudes, by which the apparent brightness of
the stars is measured, is derived by tradition from the Greek
astronomers. The connection between the conventional
scale and the actual ratio of intensities had to be found by
photometric methods. Herschel does not attempt to do this,
but postulates his definition. Since he accepts, and uses, the
law of the inverse square, this defines the magnitude as being
inversely proportional to the square root of the .ntensity.
Sir John Herschel, by a photometric investigation at the
Cape, confirmed this, finding the formula/ = 1/(m + 0.414)*
The logarithmic scale which we use now was, of course, only
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adopted much later. Herschel evidently considers this law,
m = A, as almost self-evident, and he has stuck to it con-
sistently throughout his life, also inverting it, and, e. g,
speaking of a star of the magnitude 1342, meaning one at a
distance 1342 times the average distance of a star of the first
magnitude. In the footnote quoted he calls attention to the
possibility of absorption in space, suggested to him, as he
says, by the fact that he “generally found the very small
telescopic stars red, or inclining to red.” If there were ab-
sorption, of course the distance would be smaller than the
magnitude number. But this footnote is the only place in
his works where absorption is mentioned. He takes no ac-
count of it in his further deductions.

Herschel’s great work are his star gauges, started as soon
as the 20-foot telescope (focal length 20 feet, aperture 18.7
inches) was completed, 1. e. 1784. As the first result of his
scrutiny of the heavens he comes to the conclusion that most
of the so-called nebulae are resolved in stars, and he sur-
mises that all of them will be so resolvable with larger tele-
scopes. The milky way — the galactic system, we should
say — thus is an immense “sidereal stratum.” His concep-
tion is explained by a figure, which clearly shows the tacitly
assumed even distribution, 1. e. constant density, on which
his first theory depends.

In the second paper he begins by stating his ideas concern-
ing different stages of nebular development — all nebulae
still are assumed to consist of stars. Then comes his con-
clusion: “We inhabit the planet of a star belonging to a Com-
pound Nebula of the third form.” A “compound nebula of
the third form” in his nomenclature is a system containing
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globular clusters, irregular clusters, and stars arranged in
“links, hooks,” etc. Its detailed structure is thus not one of
uniform density. Still Herschel continues to use the hy-
pothesis of strictly uniform density consistently, but it would
seem that even at that time he considered this to be only a
large-scale approximation. However this may be, he goes on:
“I shall now proceed to shew that the stupendous sidereal
system we inhabit, this extensive stratum and its secondary
branch, consisting of many millions of stars, is, in all proba-
bility, a detached Nebula,” i. e., in Herschel’s vocabulary, an
isolated system, surrounded everywhere by empty space.

If the density is constant, then the distance to which the
system extends in a certain direction is directly proportional
to the cube root of the number of stars seen in that direction,
provided we can see to the limit of it. Herschel puts it thus:

Problem: The stars being supposed to be nearly equally scattered
and their numbers, in a field of view of a known angular diameter,
being given, to determine the length of the visual ray.

This does, of course, depend on the arrangement, whether
the stars are supposed to be at the vertices of a cube, or of
a tetrahedron, or any other possible regular distribution. He
takes as a plausible distribution that in the vertices of cubes.
Then the solution of the problem is simple. The “Table nf
Star-Gages” contains the result of 683 gauges. The numbers
of stars vary from 0.5 to $88. Each number is a mean of
several fields in the neighbourhood, often ten. Iti remark-
able that many of the very poor fields are in the milky way;
50, €. g., the poorest of all, 0.5 stars (mean of 10 fields), is in
Scorpio. Herschel calls it “an opening in the heavens.”
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From these numbers he then derives the distances by the rule
resulting from his solution of the problem mentioned before.
Thus he is able to construct a model of the system. In his
paper he only gives a section by a plane perpendicular to the
central plane of the milky way. This section, depending on
129 gauges, lying approximately in a great circle through the
constellations Aquila, Coma, Canis Major, Cetus (galactic
longitudes 191° and 11°), is reproduced here (Fig. 3). It will
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Ficure 3

Section of the galactic system according to Sir William Herschel’s
first theory (1785)

be seen that the hypothesis of uniform density gives a rather
irregular outline. The shortest distances from the sun to the
boundary are 75 units towards Coma (top of figure) and
83 units in the opposite direction, towards Cetus. The long-
est radii towards the left, in Aquila, are 420 and 497 units
respectively, against 352 units in the direction of Canis
Major. The unit is the distance of Sirius, or two parsecs.
Herschel then goes on to state his grounds for believing that
he has really reached the confines of the system. For

it is true, that it would not be consistent confidently to affirm that
we were on an island unless we had actually found ourselves every

where bounded by the ocean.
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But, says Herschel, if there were still more stars beyond, too
faint to be seen separately in his telescope, the gauges would
show a milky unresolvable nebulosity as a background, and
this they do nowhere:

so that from these considerations it appears again highly probable

that my present telescope, not shewing such a nebulosity in the
milky way, goes already far beyond its extent.

Our system thus is, he concludes, ““ 4 verv extensive, branch-
ing, compound Congeries of many millions of stars.”” The num-
ber of stars it would contain according to Herschel’s data is
from 75 to 100 millions, but Herschel himself makes no more
accurate statement than ‘““many millions.”

This then is the system of 1785.

At the end of this paper he enumerates many other nebu-
lae which are, in his opinion, also galactic systems. The
nearest and largest of these is the Andromeda nebula. Tts
distance is estimated as two thousand times the distance of
Sirius, 1. e. 4000 parsecs or 13000 lightyears. Combining
this estimated distance with Herschel’s estimate of the ap-
parent diameter, “above a degree and a half,” we find for
the true diameter 50 to 60 of Herschel’s units, or 100 to
120 parsecs, whilst the diameter of our own system, accord-
ing to Herschel’s figures, is about 850 units, or 1700 parsecs.

The foundation on which Herschel’s first theory (1785)
rests is his belief that all nebulae are resolvable in stars. His
continued observations eventually gave him the conviction
that this is not so. In a paper of 1791 he distinguishes be-
tween resolvable nebulae, or clusters, and ‘““milky nebu-
losity,” which he considers to consist of ““a shining fluid of a
nature totally unknown to us.” He then enlarges on several



42 KOSMOS

hypotheses as to the nature of this *“shining fluid”: ““Can we
compare it to the coruscations of the electric fluid in the
aurora borealis?” This he dismisses, as well as the hypothe-
sis that it should be of the same nature as the zodiacal light,
since that is too faint to be visible from any distance, and he
finally ventures to suggest that it consists of particles of light,
deflected from their straight course through space by various
influences, among which is the gravitational attraction of
stars and stellar systems. “However,” he winds up,

we shall lay no stress upon a surmise of this kind, as the means of
verifying it are wanting: nor is it of any immediate consequence to
us to know the origin of the luminous matter. Let it suffice, that
its existence is rendered evident, by means of nebulous stars.

The great 4o-foot telescope (aperture 4 feet) was com-
pleted by the end of 1789, and although its use was cumber-
some, and only very few nights were good enough for it, it
certainly was of great help to Herschel in clarifying his
ideas. Even one good night with it would have sufficed to
bring about the evolution in his ideas that finally resulted in
his second theory of the galactic system. Besides the ex-
istence of unresolvable nebulosity, the fact that with the
great telescope he saw more stars in the same field than with
the 20-foot led him to abandon the view that he had reached
the confines of the universe: “The 20-feet telescope could
not fathom the Profundity of the milky way.” No more can
the go-foot; there remains always a background.

Hence we may conclude, that when our gages will no longer re-
solve the milky way into stars, it is not because its nature is am-
biguous, but because it is fathomless.
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“ Ambiguous,” in Herschel’s language, means composed of
stars and nebulous matter mixed.

Moreover he has gradually come to see that the uniform
density is not even an approximation: he has discovered in
the milky way the “clustering power”; the stars are inclined
to unite into groups, and he believes that the milky way will
ultimately be entirely broken up into separate groups and
clusters. The galactic system is, as a consequence of the
mutual attraction of the stars, “subject to clustering power
... [and] must be finally broken up, and cease to be a stratum
of scattered stars.”

He thus gives up the uniform density as a guiding principle,
and uses in its stead the uniform luminosity:

Stars, at least those which seem to be promiscuously scattered,
are probably one with another of a certain magnitude.

Therefore the fainter the stars we see in a certain direction,
the further we are looking into space. Then, taking the
magnitude to be inversely proportional to the square root of
the intensity, according to his definition of magnitude, the
magnitude of the faintest stars is derived theoretically from
the light-grasp of the telescope. Or, rather, he gives up the
use of magnitudes entirely, and works with the distances
only. To determine these he computes what he calls the
“penetrating power’” of his telescopes. The loss of light by
absorption and reflection in the eyepiece is carefully deter-
mined and duly taken into account. The apert.re of the
pupil of the eye is supposed to be a fifth of an inch. The
penetrating power of the naked eye, which is in this paper,
contrary to his usual practice, supposed to go to the seventh
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magnitude, being taken as unity, that of the 20-foot used
as a Newtonian is thus found to be 61.2, as a front-view
it is 75, whilst of the 25-foot it is 95.85 and of the 4o-foot
191.69. This latter thus shows stars of the magnitude 1342
(=7 X 191.7). Later (1817) he determined the unit in
terms of the average distance of the stars of the first mag-
nitude. By comparing the numbers of stars of different
magnitudes up to the seventh, he found the law that the
magnitude is equal to the distance to be inexact. By ac-
tual photometric comparison (by equalising the light by
means of diaphragms) he found for different stars of the sixth
magnitude, which is now again taken as the limiting magni-
tude for the naked eye, between (1/10)? and (1/15)*th of the
intensity of a star of the first magnitude. He then adopts as
an average for the “visual ray” of the naked eye the num-
ber 12, the unit being, as already stated, the average dis-
tance of a star of the first magnitude. The visual ray of the
20-foot thus becomes 75 X 12 = goo, and of the go-foot
2300. Even at that distance the limit of the system was not
reached. The “Concluding Remarks” of his paper, dated .
Slough, near Windsor, May 10, 1817, may be taken to repre-
sent his latest views on the “ construction of the heavens,”
to the investigation of which he has given all his best efforts.
They are as follows:

X. ConcLuDING REMARKS

What has been said of the extent and the condition of the milky
way in several of my papers on the construction of the heavens,
with the addition of the observations contained in this attempt to
give a more correct idea of its profundity in space, will nearly con-
tain all the general knowledge we can ever have of this magnificent
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collection of stars. To enter upon the subject of the contents of
the heavens in the two comparatively vacant spaces on each side
adjoining the milky way, the situation of globular clusters, of
planetary nebulae, and of the far extended nebulosities, would
greatly exceed the compass of this Paper.

Apart from the inclusion of planetary nebulae and far ex-
tended nebulosities (which are the irregular nebulae, like the
one in Orion) amongst the extragalactic objects, this could
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FIGURE 4

William Herschel’s diagram illustrating his second theory (1817)

almost have been written fifteen instead of a hundred and
fifteen years ago. A small diagram is added, which is repro-
duced in Fig. 4. The similarity with Shapley’s diagram of
1918 (see fifth lecture, Fig. 6) is very striking.

The diameter of the circle, which is a section of a sphere
containing all naked eye stars, is 24 units, or, taking one of
Herschel’s units to be two parsecs, — the parallax of a star
of the first magnitude has been assumed to be o’.5 by Her-
schel throughout his life, — 48 parsecs. The thickness of the
milky way stratum is 2 X 39 units = 156 parsecs. These
dimensions, which appeared colossal to Herschel and his
contemporaries, look very moderate to us.
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Herschel’s first theory led to a completed system; his later
observations and deductions invalidated these conclusions,
and he began — at the age of about sixty — to reconsider
his old views, and to build his system of the world on entirely
new lines. In the great paper of 1785 he says already that he
considers his present results as provisional, and liable to be
changed by further observations.

I shall therefore wait till the observations in which I am at
present engaged shall furnish me with proper materials for the dis-
quisition of so new a subject. And though my single endeavours
should not succeed in a work that seems to require the joint effort
of every astronomer, yet so much we may venture to hope, that,
by applying ourselves with all our powers to the improvement of
telescopes, which I look upon as yet in their infant state, and turn-
ing them with assiduity to the study of the heavens, we shall in
time obtain some faint knowledge of, and perhaps be able partly
to delineate, the Interior Construction of the Universe.

And he characterises his method of working in the following

words:

But first let me mention that, if we would hope to make any
progress in an investigation of this delicate nature, we ought to
avoid two opposite extremes, of which I can hardly say which is
the most dangerous. If we indulge in a fanciful imagination and
build worlds of our own, we must not wonder at our going wide
from the path of truth and nature; but these will vanish like the
Cartesian vortices, that soon gave way when better theories were
offered. On the other hand, if we add observation to observation,
without attempting to draw not only certain conclusions, but also
conjectural views from them, we offend against the very end for
which only observations ought to be made. I will endeavour to
keep a proper medium; but if I should deviate from that, I could
wish not to fall into the latter error.
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The paper of 1811, dated Slough, May 26, 1811, begins:

A Knowledge of the construction of the heavens has always been
the ultimate object of my observations, and having been many
years engaged in applying my forty, twenty, and large ten feet
telescopes, on account of their great space-penetrating power to
review the most interesting objects discovered in my sweeps, as
well as those which had before been communicated tv the public
in the Connoissance des Temps, for 1784 [i. e. Messier’s catalogue],
I find that by arranging these objects in a certain successive regular
order, they may be viewed in a new light, and, if I am not mis-
taken, an examination of them will lead to consequences which
cannot be indifferent to an inquiring mind.

If it should be remarked that in this new arrangement I am not
entirely consistent with what I have already in former papers said
on the nature of some objects that have come under my observa-
tion, I must freely confess that by continuing my sweeps of the
heavens my opinion of the arrangement of the stars and their mag-
nitudes, and of some other particulars, has undergone a gradual
change; and indeed when the novelty of the subject is considered,
we cannot be surprised that many things formerly taken for
granted, should on examination prove to be different from what
they were generally, but incautiously, supposed to be.

In a former paper he once said:

It is sometimes of great use in natural philosophy to doubt of
things that are commonly taken for granted.

He had the force of mind to doubt not only generally ac-
cepted views, but his own former conclusions.

It was pointed out in the beginning of this chapter that
two unknowns are required to determine the structure of the
stellar system: the luminosity law and the density law.
Herschel saw no means of determining these two unknowns.
He based his investigation on assumptions regarding them,
and naturally chose the simplest assumptions, viz. that the
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luminosity and the density were constants. The conclusions
drawn from his observations by the help of these two assump-
tions were contradictory, and he was compelled to confess
that he had not solved the problem. Nevertheless no single
astronomer, either before or after him, has done so much for
the final solution as William Herschel.

His son, Sir John Herschel, continued his father’s observa-
tions and especially extended them to the southern hemi-
sphere. He did not, however, make any further progress
with the solution of the great problem.

The next to take up the general problem was F. G. W.
StrUVE, the founder of the Pulkowa Observatory. He also
had to make an assumption regarding the density law; he
takes it to be a function of the perpendicular distance z
from the plane of the milky way only, i. e. he assumes firstly
complete symmetry with regard to the galactic plane, and in
all directions, and further, like Herschel in his last theory,
he takes the extent of the system parallel to this plane to be
infinite. The only difference from Herschel is that he makes
the density decrease with z instead of constant. From this
assumption and the observational data supplied by W.
Herschel’s gauges (the southern observations of John Her-
schel were not yet published) he then derives a density law,
i. e. he derives empirically the coefficients of a certain alge-
braical formula, which is supposed to represent the density p
as a function of z. The formula is rather cumbrous and does
not have a convincing look about it. The special feature of
Struve’s work is that he deliberately abstracts from all de-
tails, which had so much fascinated Herschel. All he wants
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to find is the great lines, i. e. he seeks a “typical” image
(according to Seeliger’s nomenclature), leaving the filling in
of details for a future time. The discussion of the material
is very careful and a model of sound scientific criticism.

Having found the density law from Herschel’s gauges, he
proceeds to determine the same law from the stars contained
in Argelander’s Uranometria and in Bessel’s Zones. The
latter cannot be assumed to be complete. He therefore de-
rives plenitude-factors by comparison with the Uranometria
and with Piazzi’s Zones. The density law is thus derived
from Bessel’s stars of the seventh magnitude and from those
of the eighth magnitude. Next, to compare the units of dis-
tance in the three cases, these are taken inversely propor-
tional to the cube root of the numbers in the galactic latitude
zero. Then, as a control, he computes the density for two
linear distances from the galactic plane from the different
laws, and finds satisfactory agreement.

He then proceeds to compute, from his density law, the
radius of the sphere containing all stars of the separate mag-
nitudes. The radius of the sphere containing all Argelander’s
stars of the sixth magnitude is taken as unit. Then the radius
of the sphere containing Argelander’s stars of the first mag-
nitude is 0.142, for the second 0.241, etc. For Bessel’s stars
of the ninth magnitude the radius is 4.25, and for Herschel’s
stars, the faintest visible with the 20-foot telescope, it is
25.67. These still are all expressed in an arbitrary unit. But
in Struve’s time there were some determinations ot parallax
available. These had been discussed by Peters, and Struve
takes from this discussion the mean parallax of a star of the
second magnitude to be p = +0".116 = 0".014, correspond-
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ing to a distance of 28 lightyears. This number is used to
convert the relative distances into absolute ones. Thus the
distance of the faintest stars seen by Herschel is found to be
3541 lightyears.

Struve now further discusses these numbers. Instead of
assuming the aperture of the pupil of the eye to be § mm.,
as Herschel had done, Struve constructed a small telescope,
which he called his “Herschelian modulus,” with that aper-
ture (0.211 inch), and magnifying three times. With this
modulus he saw 183 stars on the same surface on which Ar-
gelander’s Uranometria, which was intended to contain all
stars visible to the naked eye, had 100. The penetrating
power of Herschel’s telescope was 61.2, but this is referred
to an aperture of 0.2 inch — 1. e. to the “modulus” —as a
unit. Since the modulus shows 1.83 times the number of
stars of the sixth magnitude in Argelander’s catalogue, this
number must be multiplied by the cube root of 1.83, making
it 74.8, or practically three times the distance given in the
table and derived from the density law.

Struve thus finds a contradiction. This is not to be won-
dered at, for in computing this distance he tacitly assumes,
as Herschel did, that the luminosity is constant — and also
that the density is constant along the galactic plane. Struve,
however, does not explain the contradiction by these causes,
but by absorption in space. He thus finds an absorption of
about 19, of the light over the unit distance, 1. e. the distance
of a star of the first magnitude.

It is evident that the apparent contradiction, which Struve
explains by extinction, can just as well be explained in other
ways. John Herschel had suggested that the stars in the
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milky way — which he, like Kepler, considered as a ring —
were intrinsically fainter than those in our neighbourhood.
Evidently the contradiction can also be explained if we
assume a decrease of density with distance, as Kapteyn did
later. The complete treatment of the problem, considering
both the density and the luminosity laws as unknowns to be
determined from observations, has only been solved by
Kapteyn. This solution, to which we shall return in the
next lecture, was not possible until more reliable data on the
distances of the stars, as well as on their numbers and mag-
nitudes, were available.
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FURTHER OBSERVATIONAL ADVANCES - THE
SURVEY OF THE “LOCAL SYSTEM” -
LIFE-WORK OF ]J. C. KAPTEYN

Tue work of KapTEYN, about one century after that of
Herschel, became possible by the observational progress made
during that century. In the preceding lecture I quoted a
sentence from William Herschel in which he expressed his
hope and conviction that our knowledge of the structure of
the universe would increase with the improvement of the
telescope, which he considered to be still in its infancy. Not
only have telescopes been improved enormously, but, what
Herschel could not possibly dream of, the invention of
photography and spectroscopy has entirely changed the
aspect of the science.

As to the problem of the structure of the galactic system,
the first thing required was the determination of parallaxes.
Without a knowledge of the distances of the stars no further
progress was possible. Herschel always assumed for the
parallax of a star of the first magnitude o".5; he does not say
how this value is derived — probably it is from the photo-
metric determination made in 1760 by Lambert, who had
compared the luminosity of the sun with that of stars of the
first magnitude, using Saturn as an intermediate step.
Michell did the same some years later, but with less accuracy,
and was only able to state that the parallax of stars of the
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first magnitude must be smaller than one second of arc,
which was already known to Bradley. Some time afterwards
Olbers determined, with Mars and Saturn as intermediate
steps, the distances of Aldebaran and Procyon.

The first measured parallaxes are those of 61 Cygni by
Bessel, of Wega by F. G. W. Struve, both in 1838, and that
of a Centauri by Henderson at the Cape, published in Jan-
uary 1839. Thus when Struve did his work on the stellar
system, which was mentioned in the last lecture, he could
dispose of some parallaxes, but the number was still too
small to base reliable conclusions on.

The measurement of the distances of the stars must, like
everything else that we know about them, be based on the
study of the light we receive from them. Two simple proper-
ties of light are used for the purpose, viz. the rectilinear
propagation, and the decrease of the intensity in inverse
proportion to the square of the distance. The second method
had, as we have seen, been used already by Huygens, Michell,
Lambert, and Olbers. But these were hardly to be called
determinations, since they all implied the arbitrary assump-
tion that the intrinsic brightness of all stars is the same as
that of the sun. The first method, which is independent of
this or any other assumption, could only be used after the
invention of the screw micrometer (and the heliometer) by
Fraunhofer about 1820, and the improvement of optics, also
chiefly by Fraunhofer.

The principle is quite simple: of a triangle one side (the
base-line) and the two angles at both ends are measured,
and the third angle (the angle at the star, called the parallax)
and the other sides (the distances from the two ends of the
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base-line) can then be found. The base-line must be known.
In astronomy the unit is the astronomical unit, i. e. the mean
distance of the sun from the earth, and in the ordinary, so
called trigonometric, determinations of distances the base-
line is the diameter of the orbit of the earth round the sun,
or two astronomical units. To express this in our ordinary
unit of distance, say the centimeter, we should have to meas-
ure it, i. e. to apply a tape-line of known length and count
how many times it must be applied to reach the end. This,
of course, is impossible. The largest distance that can be
measured directly with measuring rods or tapes is one of a
few miles. From that we have to climb up by means of tri-
angulation first to longer distances along the surface of the
earth, then, with the aid of astronomical observations, to
the radius of the earth, and, finally, by means of observations
of planets, to their distance from the earth. This latter dis-
tance is known in terms of the astronomical unit from the
planetary theories. The whole sequence of successive steps
is thus rather long, but for most astronomical purposes we
need not bother about the longest part of it, the linking up
of the astronomical and the terrestrial units. All we need is
the distances of the stars in astronomical units. These are
given by the last step, the trigonometric determination of
the parallax.

In this method the base-line is, as already explained, the
diameter of the earth’s orbit, or to be more exact, the dis-
tance between two positions of the earth on its orbit, chosen
as far apart as circumstances will permit. The earth’s orbit
being known, the length of this base-line is easily expressed
in the astronomical unit. For the unit of stellar distances
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we use the “parsec,” an ugly word, but one which has un-
fortunately come to stay. It is the distance of a star of which
the parallax is one second of arc, and it is a little over 200.000
astronomical units, or about three and a quarter lightyears.
(A lightyear is very nearly ten million million kilometers.)
By this method of ordinary trigonometric parallaxes, with our
largest modern telescopes, we can reach distances of about
five hundred lightyears. The parallax of a star at a distance
of 500 lightyears corresponds on the photographic plates
taken with our largest modern telescopes to an interval of
about a third of a mikron. We can arrange our observations
so as to measure nearly twice that distance, say one forty-
thousandth of an inch. This is a good example of one of the
characteristic features of practical astronomy: the most im-
portant results depend on the measurement of extremely
minute quantities. As a consequence of the improvements
in the construction of the telescope, and the application of
photography, we can now by the method of trigonometric
parallaxes measure distances about fifty times as large as
those determined by Bessel and Struve nearly a century ago.
It seems doubtful whether the accuracy attainable by this
method is capable of being still further increased.

For larger distances we must look out for a triangle with
a larger base-line. For this we can avail ourselves of the
motion of the sun through space, carrying the earth with it.
This base-line, i. e. the distance the sun has travelled from a
certain initial time, increases proportionally to the ume, and
can thus be made arbitrarily large by waiting long enough.
A century gives a base-line of over 400 astronomical units.
As has been said already, the motion of the sun was de-
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termined for the first time by William Herschel, afterwards
by Bessel, Airy, and others, and again by Kapteyn. The
apparent displacement of the stars due to the motion of the
sun is called their “secular” parallax. It is, of course, always
in the same direction, whilst the “annual” parallax, due to
the motion of the earth round the sun, is periodic. The
method of secular parallaxes can, consequently, give no
individual parallaxes, because of the proper motion of the
stars. The stars do not stand still whilst their measure is
being taken, but have a motion of their own. In the case of
the annual parallax this does not matter: the proper motion
is eliminated, because the earth returns after the lapse of a
year to its initial position. But in the case of the secular
parallax it is impossible to separate the parallactic motion,
due to the motion of the sun, from the star’s own motion.
This method thus can only give mean parallaxes of a number
of stars, the proper motion being as often one way as the
other, and being cancelled out in the mean. But for the
knowledge of the structure of the universe these means are
just what we want, and more important than individual
parallaxes.

With the present data, i. e. accurate observations since the
time of Bradley, during about one and three-quarters of a
century, we can penetrate into the universe to a few thou-
sands of lightyears; thus by successive application of the
method of triangulation we can climb up from a distance of
a few miles, through the radius of the earth, the astronomical
unit, the sun’s motion through space, to one that is more
than ten thousand million million times larger. For still
larger distances the method of triangulation fails us and we
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must have recourse to the second principle, that of the in-
verse square law. But we will defer the discussion of meth-
ods based on that principle until the time when we shall need
to consider these larger distances.

When Kapteyn began, about 1890, his investigations con-
cerning the structure of the stellar system, there were known
about 130 directly measured parallaxes, fifteen of which he
had determined himself. These were mostly of bright stars,
the data for faint stars being then still extremely scanty.
About forty years ago a star of the ninth magnitude was
considered very faint. Today, of course, it is called a bright
star. It is, in fact, due in great part to Kapteyn’s influence
that astronomers have since then attached so much im-
portance to getting data for faint stars. In addition to these
individual parallaxes his results are based in great part on
secular parallaxes. In order to be able to determine these,
an accurate knowledge of the sun’s motion is required, and a
great part of Kapteyn’s energy and time have been given to
the determination of the amount and the directior of that
motion. This research has involved the development of
several new methods, and criticism of previous results; it is
the most exhaustive investigation of the subject that has
ever been made. All the great problems of fundamental
astronomy had to be reconsidered; Kapteyn’s work included
a new determination of the precessional constant, of syste-
matic errors in the fundamental system of declinations, etc.,
and, as a by-product, it led to the discovery of the two star
streams, about which more will have to be said presently.

All these investigations, and many others, of widely dif-
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ferent nature, show Kapteyn’s clear insight and command
over the most heterogeneous parts of astronomical science.
In every new domain that he enters what he achieves is new,
carefully investigated in all details, and worked out with
sound criticism. However widely various these researches
may appear to be, in Kapteyn’s mind they do not stand
apart from each other, but are all parts of the great whole,
the problem of the structure of the system of the fixed stars.
However deeply he may be absorbed in the details of a spe-
cial investigation, the great problem is always present to his
mind and is never for a moment lost sight of. That is the
secret of his success. In him one sees the rare combination
into a harmonic whole of two intellectual faculties that by
their very nature seem to be opposed to each other — and
that are in reality indeed often conflicting, and seldom com-
bined in the same person, — viz. the wide outlook and com-
mand of great problems on the one hand, on the other hand
the painstaking devotion to technical details of observation
and computation. Never was any labour too much for him
if the purpose was to clear up a doubtful point, perhaps un-
interesting in itself, if that was necessary for the whole, but
also he has never let himself be tempted to follow a side path,
however fascinating it might be, farther, or to work out a
secondary result with more refinement or elegance, than was
necessary for the solution of the main problem.

Every scientific problem has two sides, viz. the compilation
of the data and the derivation from them of general results,
“the grinding of huge masses of facts into law,” as Darwin
calls it. These two parts of the work require an entirely dif-
ferent attitude of mind and entirely different talents, and
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accordingly in the history of science we see them generally
performed by different individuals. The characteristic of
Kapteyn’s method of working is the parallel growth of these
two aspects of the problem and its solution at the same time
in incessant interaction. Again and again we see him apply-
ing a new method to the material available at the time, even
though the data are perhaps not yet so complete as would be
necessary, and the method has not yet been worked out in
all details, with the double purpose, on the one hand of test-
ing the efficiency of the method, on the other hand of getting
indications of the direction in which the data require addition
and completion.

In Kapteyn’s published work several utterances are found
that express this method of working very clearly. It is espe-
cially emphasised in the beautiful lecture held on the occasion
of the opening of the Astronomical Laboratory at Groningen
(1897), and again in one of his last publications (1920):

The progress of such a solution being necessarily slow, the
present provisional treatment was undertaken mainly for the pur-
pose of finding the most promising lines for conducting the further
treatment of the sidereal problem.

Like William Herschel, Kapteyn has devoted his life to
the investigation of the structure of the stellar system. The
problem in its most general form is to find for any class of
stars, e. g. all stars of a certain spectral class, or even for all
stars together, the unknown function D(x, y, z, £ {), which
determines the density (i. e. the number of stars per unit of
volume), for a certain absolute magnitude, at different places

in space.
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William Herschel devoted much time to the detailed
structure, but still he kept always present to his mind the
idea of constructing a mean image of the universe, showing
the great lines of the architecture, all details being smoothed
out.

Kapteyn deliberately dismisses the discussion of the de-
tailed structure; what he sets out to find is what Seeliger
calls “the typical image.” He presupposes the symmetry
with regard to the milky way, so that only two of the three
codrdinates are left: the distance 7 and the galactic latitude 4.
The strongly marked symmetry with regard to the plane of
the milky way is the chief feature of the structure of the
stellar system. Regarding it Kapteyn quotes Sir John
Herschel, who knew the milky way as few others. In the
volume of his observations at the Cape the latter writes:

It will of course be understood, and a very superficial inspection
of the synopsis of gauges above given, suffices to show that great
local departures from the general law of distribution indicated in
this table occur, and #Aat nowhere more remarkably than in the
Milky Way itself, whose inequalities of breadth and structure are
most conspicuous and singular. On this head I shall presently have
more to say. But, with exception of these portions of the galaxy
itself, I find nothing in the smallest degree meriting to be regarded
as systematic in any part of the heavens which I have examined, as
respects these deviations from perfect regularity. On the contrary,
so purely local are they that on a careful revision of the whole
chart, I find it difficult to specify any considerable areas over which
an average density of stars prevails materially differing from what
might be expected from the law of density (regarded as a function
of the Galactic polar distance) indicated in the last article.

When he embarked on his work Kapteyn had not enough
data to be able to solve even the problem of the “typical
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image,” and therefore restricted himself to the construction
of the “schematic image,” as Seeliger calls it, in which only
one codrdinate, the distance, is considered. Of course this
“schematic image,” in which the milky way is, so to say,
smeared out equally over the whole sky, is no approximation
to the truth, but it is a very nice problem to begin with, to
try the working of the methods on. In this lecture I will also
restrict myself to this simplified problem, on which all the
essential points of the larger problem can be demonstrated
quite satisfactorily.

Kapteyn’s methods are entirely statistical; he deals with
averages. Suppose for a moment that we knew the distances
of all the millions of stars which constitute the galactic sys-
tem. We should then be able to make an accurate model of
the system. If we had this model, what would we do with it?
Since we want to find out the great lines of the plan according
to which it is built, its general architecture, we should not fix
our attention on the individual stars, but should have to take
averages; we would count the stars, in order to find the num-
ber per unit of volume, i. e. the density, at different points
of space. It is thus not the individuals that are important,
but the averages. Accordingly Kapteyn sets out to find the
averages without going through the long and tedious (and
also impossible) process of determining the individual values
first. His methods are based on the laws of the theory of
probability, the law of great numbers, or, as we might para-
doxically say, the law of accidents. Paradoxically — since
an accident is by definition a thing that obeys no law. But
even because they obey no law, accidents are in the long run
liable to cancel one another, and the law of great numbers is,
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in fact, one of the most reliable laws of nature — and not
only of inanimate nature, but of human society and eco-
nomics as well. Take the example of an insurance company.
It has many insured lives of men of a certain age. One of
these may live to be a hundred, another may die tomorrow.
It does not interest the company a bit who these individuals
are; what it wants to know is the average expectancy of life
of a man of a certain age. Its whole business is built on the
law of averages, the law of great numbers. And the fact that
insurance companies pay dividends proves that the law of
great numbers is a reliable law.

Originally Kapteyn had developed a method for the de-
termination of the function D, which looked theoretically
perfect, but required an extensive mathematical apparatus.
This apparatus was all prepared beforehand, but when it
came to the application it proved to be entirely impossible
to use it. The reason why it would not work was afterwards
found to be the existence of the two star streams. Prob-
ably this experience has contributed largely to Kapteyn’s
preference for numerical over formal mathematical methods,
and to his habit of going forward step by step, continually
testing his methods as he developed them.

In his second method, Kapteyn assumed, in order to make
the problem more tractable, that it is possible to separate
the density law and the luminosity law, in other words that
the distribution of the stars among the different magnitudes
is independent of the distance, i. e. everywhere the same.
Mathematically expressed, this means that the function
D(r, M) is the product of two functions, A(r), the density
law, and ® (M), the luminosity law. This hypothesis is made
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only with a view of making the problem easier to tackle; it
can afterwards be verified, and if it proves to be inexact, the
necessary corrections can be applied.

William Herschel had in his first theory practically sup-
posed that the density is constant; in the second theory he
assumes the absolute magnitude M to be the same for all
stars. Neither of these hypotheses, of course, is true.

Kapteyn’s determination of the two functions A and ® is
free from any hypotheses, except the fundamental one that
the law of great numbers is applicable. His method is
essentially very simple, and can be explained almost without
using any technical language. It depends on the previous
determination of three other functions, viz:

(1) the numbers N(m, u), i. e. the total numbers of stars
in the sky having the apparent magnitude 7 and the proper
motion u,

(2) the mean parallax 7(m, u) for the stars of apparent
magnitude 7 and proper motion g,

(3) the function y(r/7), the frequency function of the
ratios of the true and the mean parallaxes.

We will say a few words of explanation about each of these.
(1) The numbers N(m, u) are, of course, simply the result
of counting. But this counting is not such a very simple
matter. The first thing required, before we can begin to
count, is a correct scale of magnitudes. In the scale generally
adopted since about the middle of the nineteenth century the
magnitude is proportional to the logarithm of the intensity.
Thus a step of five magnitudes means a decrease of the in-
tensity in the proportion of a hundred to one: a star of the
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first magnitude has one hundred times the light of one of the
sixth, and so on. Now the square root of a hundred is ten,
so if the two stars had the same intrinsic brightness, the one
that is apparently the fainter, the star of the sixth magnitude,
would be at a distance ten times that of the star of the first
magnitude. If the difference of apparent brightness were
only one magnitude, the ratio of the intensities would be the
fifth root of a hundred, or about 2.51, and the ratio of the
distances would be the square root of this again, or 1.58.
Thus, making the same computations the other way round,
we can, if the distance and the apparent magnitude are
known, calculate the magnitude that the star would have if
it were placed at any other distance, and especially at the
unit of distance. For this unit Kapteyn has always used a
distance of ten parsecs. We will call this the Kapteyn unit.
Its value is a little over two million astronomical units, or
32.6 lightyears. The apparent magnitude that any particu-
lar star would have if placed at this unit of distance is called
its “absolute magnitude,” and it is a measure of the star’s
intrinsic brightness or “luminosity,” in the same way as the
apparent magnitude 1s a measure of its apparent brightness.
The words ‘‘luminosity,
many others that are now household words in astronomy,
were first introduced by Kapteyn, when he felt the need of
replacing the more or less vague terminology that was in use
when he began his work by accurate definitions.

Kapteyn has devoted much care to reducing the empirical
scales of magnitude of all the different catalogues of stars to
one standard scale, and to determining the limiting magni-
tudes of the telescopes of William and John Herschel; of the

LR INT

absolute magnitude,” like so
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gauges of John Herschel he has made an extensive use, in
preference to those of the elder Herschel, because they were
distributed equally over the sky according to a definite
scheme, without giving preference to specially interesting
regions, as those of William. It is, of course, impossible to
count a// stars; there are too many of them. We must take
samples, but for the application of the law of great numbers
it 1s necessary that the samples be selected entirely at ran-
dom, without any possible bias for either rich, or poor, or
otherwise exceptional regions.

Besides the apparent magnitudes, we must have the proper
motions of the stars. These are measured in seconds of arc
per century. Like the magnitudes, the proper motions are
apparent quantities, depending on the distance. If one star is
at twice the distance of another, the components of their
real velocities perpendicular to the line of sight being the
same, then the proper motion of the more distant star will be
only one-half of that of the other. Thus, if all stars had the
same real velocities, and if these had no preference for any
special direction, so that in the average of a large number of
stars the component perpendicular to the line of sight would
also be the same, then the proper motion would be a measure
of the distance; it would, in fact, be proportional to the
parallax. Since the stars have not all the same real velocity,
any more than they have all the same absolute magnitude,
neither the proper motion nor the apparent magnitude can
be used as a direct measure of the distance. But it is clear
that statistically the distribution of the apparent magnitudes
and the apparent proper motions must depend on the dis-
tribution of the distances, i. e. on the density law. That is
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why Kapteyn’s investigations start with the counting of the
numbers N(m, u).

For the proper motions Kapteyn’s work was at first based
entirely on the results derived by Auwers from the observa-
tions made by Bradley (mean epoch 1755), and from the
Greenwich Catalogues of 1860 and 1864 (mean epoch 1863).
The mean interval is therefore 108 years. The number of
proper motions in Bradley’s catalogue, as edited by Auwers,
is about 3600. For the fainter stars, of which no proper
motions are known, of course the numbers N(m, u) cannot
be determined, and we have to be content with using the
numbers N(m) of stars of apparent magnitude m, irrespective
of their proper motion.

(2) The second datum on which Kapteyn’s researches are
based is the mean parallax 7 (m, p) of a star of apparent mag-
nitude 7 and proper motion p. When Kapteyn began his
work there were, as has already been mentioned, only about
130 measured parallaxes available. The determination of
the function 7 depends on these 130 individual stars, and on
the secular parallaxes, derived from mean proper motions
with the aid of the solar motion, which, as related before,
was determined anew by Kapteyn. It is wonderful to reflect
how scanty the data were on which Kapteyn based his theory.
Only a man of great courage and self-confidence could even
think of building such a large superstructure on so feeble
foundations. But fortes fortuna juvat, and it is most remark-
able to see how well even now Kapteyn’s first mean parallaxes
represent the enormously richer and more accurate observa-
tional data of the present time. In later years, as the obser-
vational data accumulated, the determination was of course



THE KAPTEYN SYSTEM 67

repeated and improved. Kapteyn gives a definite formula
for the mean parallax %(m, p) as a function of 7 and p, from
which for every magnitude and proper motion the mean
parallax can be computed.

(3) A star of given parallax and proper motion has the
mean parallax given by the formula for 7; thus, e. g, if we
take a large number of stars, each of magnitude 6.1, and
centennial proper motion 4”.5, then the mean of their paral-
laxes will be 0”.0102, corresponding to a distance of 9.8 Kap-

TABLE 1

DistriButioN oF TrUuE DisTANCES

Limits of ratio true/average Number out of 100
Smaller than } 1
fto} 74
jtor 29
1to2 40
2 to 4 19
Exceeding 4 3%

teyn units. But the individual distances will all be very dif-
ferent from this average, because the stars have not all the
same absolute magnitude, nor the same real velocity. Some
of the distances will be larger than the average and some will
be smaller. The function ¢ gives the frequency of the ratio
of the real to the average distances. The function adopted
by Kapteyn is derived from a comparison of the known indi-
vidual parallaxes with the formula for the mean parallax
7(m, u). Itisagain given by a special mathematical formula,
from which we have computed the small Table I. Thus, out
of a hundred stars, one is at a distance less than a quarter
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of the average; of forty the distance is between the average
and twice the average, and so on.

We now have collected all the data, and can proceed to
explain the use Kapteyn makes of them. His method is very
simple. He begins by making a table of the N(m, u). Next
to each of these numbers can be written the mean parallax
m(m, p) or the corresponding average distance, computed
by the formula. A sample of this table is given below as
Table II.

TABLE 11
NuMBERS OF STARS AND AVERAGE DisTANCES
Centennial Apparent magnitude
proper motion 35 — 45 45 — 5.5 55 — 65 65 — 7.5
1"o-2"0...... 52 (17.5) 194 (79.6) 638 (21.7) 1896 (23.8)
2”.0-3"0...... 41 (r2.0) 177 (13.5) 595 (274.9) 1910 (76.9)
3"o0-4"0...... 27 (9.5) 188 (z70.5) 542 (22.6) 1910 (73.0)
do-¢0o...... 27  (8.0) 93 (8.8) 461 (9.8) 1490 (70.8)
§".0-6"0...... 22 (6.9) 86 (7.7) 357 (86) | 1249 (9.9)
6"o-7"0...... 25 (6.r) 77 (6.8) 252 (7.9 963 (8.3)
77080 .. .... 18 (5.6) 71 (6.1) 247 (6.8) 752 (7-5)

The table is one of double entry, the arguments being
magnitude and proper motion. The numbers given in or-
dinary figures are the N(m, p), those in italics are the corre-
sponding average distances. Thus, e. g., there are in the sky
461 stars of which the magnitude is between 5.5 and 6.5 and
the proper motion between 4”.0 and 5".0, and the average
distance of these stars is 9.8 Kapteyn units.

Now Kapteyn divides the whole of space into different
shells, limited by spheres at such distances that the ratio of
the distances of the inner and outer limits of a shell corre-
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sponds to a difference of one magnitude. Thus, as has
been explained above, the ratio between the inner and outer
boundary of each shell is 1.58, and if we move out five shells
the distance is multiplied by ten. The first shell (or rather
the core) is taken from the centre to the sphere of radius,
0.63 Kapteyn units, the second shell thus ranges from 0.63
to one unit, and so on, the seventh extends from 6.3 to 10
units, and the twelfth from 63 to 100.

TABLE III
DistriBuTION OVER SHELLS
s461 star
Shell Radii of boundaries " :’,' . Volume Abaotute,

(aver. dist. 9.8)
| SR o 0.63 1.0 7-45
Im....... 063 1.00 0.4 3.1 6.45
mr ... 1.oo  1.58 12,5 5.45
Iv....... 1.8 2.41 3.1 497 445
Voo 2.1 3.98 16.5 198 3.4
VI 3.98  6.31 54 788 2.4§
VII ...... 6.31  10.00 104 3137 1.4§
VIII ..... 10.00 15.85 127 12490 0.4§
IX....... 15.85  26.12 96 49730 —0.5§
X oooen 2612 39.81 45 198000 —1.6§
XI....... 39.81  63.10 13 787600 —2.55
XII...... 63.10 100.00 2 3137000 —3.55

If the distance of each star were equal to its average dis-
tance, it would be easy to assign to each star its place: the
first 52 stars of our Table II (with u = 1”.5, m = 4.0) could
be put at once into shell IX, the next 41 into shell V1II, the
27 with u = 3".5 and the 27 with u = 4".5 into shell VII,
and so on.

This would already give us an idea of the distribution, but
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that idea would be very inaccurate. It is essential to take
account of the fact that the distances given in Table II are
only averages, and that the true distances are widely spread;
moreover, they are not even distributed symmetrically with
respect to the average. We must thus use the formula for the
frequency of the parallaxes, of which Table I is an abridged
representation.

As an example consider the 461 stars with u = 4".5 and
m = 6.1, of which the average distance is 9.8 Kapteyn units.
When the formula for y is applied it is found that they are
distributed as shown in Table III.

In this way all the numbers in Table II are treated, and
after that the total number of stars of a given apparent mag-
nitude contained in each shell is found by a simple addition.
We now know the number of stars with a given apparent
magnitude in each shell, but the individuality of the stars
has been lost.

As a consequence of the way in which the limits of the
shells have been chosen, the apparent magnitudes can at
once be converted into absolute ones. Thus we know the
absolute magnitude of each star, and the foregoing table can
be made into one that gives the number of stars of each ab-
solute magnitude per shell. At the same time we can divide
by the volume of the shell, and thus find the number of stars
of given absolute magnitude per unit of volume at every
distance.

In this way Table IV is derived. The part of the table in-
closed between the heavy lines is supposed to be fairly re-
liable. The fringe outside is considered by Kapteyn to be of
less accuracy.
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We can take the density of any one shell, say the fifth, as
our unit. Then dividing the number of stars in any other
shell by the number in shell V, we find the density of that
particular shell. Each vertical column of the table thus gives
a separate determination of the density law. The mean of

TABLE 1V

NuMmBERS OF STARS PER 1000 UNITs OF VOLUME

Absolute magnitudes
Shell Density
—255 | —155 | —oss | ous 145 245 345

V..... e 10 33 89 299 719 1860 1.000
vi.... 9 28 94 265 780 1970 1.031
Vil ...] 2 7.5 24 79 265 766 1680 0.985
VIII ..| 1.6 5.2 20.4 72 | ‘232 590 1660 0.869
IX.... 0.98 4.2 15.5 53 160 520 e 0.656
X ....] o7 2.68 9.8 35 130 .. R 0.418
XI....| o039 1.54 6.9 28 e 0.234
XII...| oa1 1.2 5.2 0.122

the densities thus derived is given in the last column of the
table. Similarly every horizontal line gives a determination
of the luminosity function ®(M). Since all these different
determinations are found to give practically the saine result,
the hypothesis, originally made for simplicity’s sake, that
the function D(r, M) can be split up into ® and A is proved
to be sufficiently accurate.
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Kapteyn has applied this method over and over again on
new data; at first he used all stars together; afterwards he was
able to do it with more refinement by considering separately

TABLE V
Kapteyn's Density Law (1920)
. Number of stars
Distance per cubic lightcentury
K:g:;yn Lightyears Inwn;i)l‘ky To;vo?;ds
o o 1300 1300
10 326 1300 716
2§ 818 1300 520
63 2060 750 160
158 5160 270 21
398 13000 65 13
1000 32600 10
TABLE VI

KapreYN's Luminosity Law (1920)

(The unit of luminosity is a star of magnitude O at the distance of one lightyear)

e —

QOut of 1000 stars

1 has a luminosity exceeding 1000
18 have “ “ between 100 and 1000
122 ¢« “ “ 10 “ 100
328 [3 “ “ “ 1 “ 10
352 “ “ “ “ o.1 “ 1
173 S “ “ 0.01% o.I
7 ¢ ¢ “ smaller than o.o1

the different galactic latitudes, and later, when more data
became available, even the different spectral types.

The results as given in Groningen Publication 11 (1901)
are: the density is nearly constant as far as the sixth shell;
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after that it decreases, and is about two-thirds of its initial
value in the ninth shell, one-quarter in the eleventh, and
about one-eighth in the twelfth. In later determinations,
of course, the density law is different for different galactic
latitudes.

Tables I to IV are taken from Kapteyn’s first treatment
of the problem, published in 1g9o1. They have been given
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FIGURE 3§

The Kapteyn system (1922)

here only as an illustration of the method. The results de-
rived in 1920 are given in Tables V and VI.

It will be seen that the density decreases rapidly in the
direction towards the poles of the milky way, and much more
slowly in the plane of the milky way itself. The luminosity
curve has a maximum in the neighbourhood of the luminosity
that is here chosen as unit, which is about one-third of the
luminosity of the sun. Later investigations have thrown
doubt on the existence of this maximum. Faint stars are
probably more numerous than Kapteyn’s work implies.

The image of the structure of the galactic sysiem that
Kapteyn had formed towards the end of his life is given in
Figure 5. The determination of the density is continued up
to one-hundredth of the initial value; this is reached at a
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distance of 8465 parsecs in the galactic plane and of 1660
parsecs in the direction perpendicular to it. The figure is a
section through the system perpendicular to the galactic
plane, which is a plane of symmetry. The ellipses are sec-
tions of the surfaces of equal density, which are ellipsoids of
revolution. The number of black points denotes the density:
it is 100 in the centre as against 1 on the outer ellipsoid. The
sun is no longer supposed to be in the centre, but at a distance
of about 65 Kapteyn units away from it, and 3.8 units to the
north of the plane of symmetry. The centre of the milky
way, as seen from the sun, is assumed to be at galactic longi-
tude 77°.

In the last publication written by Kapteyn, he gives dy-
namical considerations about the galactic system, ascribing
the flattening to rotation and computing, from a comparison
of the decrease in density in the galactic plane with thatin a
direction perpendicular to it, the gravitational field and the
velocity of rotation necessary to cause the observed flatten-
ing. The linear velocity at a distance of about 700 parsecs
from the centre, where the sun is, would come out at about
20 km/sec. Kapteyn thus gives the following representa-
tion: the galactic system consists of two separate systems
that penetrate each other and rotate in opposite directions,
and in this way he explains the observed relative velocity of
40 km /sec of the two star streams with regard to each other.
The direction of the streams must therefore be at right angles
to the direction towards the centre of the system, and from
this has been determined the longitude of 77°, mentioned
above, for that centre.
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Of course Kapteyn, as has already been pointed out several
times, has in the course of his thorough investigations ob-
tained many additional results. Of these the most important
is certainly the discovery of the two star streams, which was
first communicated by him to the International Congress of
Science at St. Louis in 1904, but only became generally
known when he had laid it before the British Association in
Cape Town in 1905. It was a particularly momentous dis-
covery, which has had an enormous effect on the develop-
ment of astronomy. Before 1905 Kapteyn worked nearly
alone in the field of stellar astronomy; after that date the
number of investigators in that field was suddenly enor-
mously increased. The work done, and the conclusions ar-
rived at, up to 1914 are admirably set forth in Eddington’s
excellent book, “Stellar Movements and the Structure of the
Universe.” During the last fifteen years the study of the
star streams has not occupied that prominent position in the
work of astronomers that was still assigned it in 1914. They
may not be such a dominating feature of the system as was
generally supposed immediately after their discovery. Still
the discovery of the star streams is of momentous impor-
tance, not only on account of the great impetus it has given
to the study of stellar astronomy, but also as the first ex-
ample of a regularity in the motion of the fixed stars.

During the last years new observational data have come to
light, that have thrown doubt on some of Kapteyn’s conclu-
sions, and have induced us to assign to Kapteyn’s system no
longer that central position in the universe, or rather in the
galactic system, that was, in the time when it was con-
structed, generally ascribed to it.
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Even though the image of the galactic system, such as
Kapteyn finally worked it out as a result of his investigations,
is to be considered nowadays already obsolete, still Kapteyn
is one of the most important personalities in the whole his-
tory of astronomy. His principal achievement is the creation
of statistical astronomy. Kapteyn’s whole life has been de-
voted to the problem of the structure of the stellar system,
and by his wonderful mastership in the discussion of large
amounts of observational data he has been able to make
enormous progress, and to inaugurate an entirely new epoch
in the study of stellar astronomy.

The use of statistical methods, introduced by Kapteyn,
combined with the enormous increase of the observational
output of our instruments as a consequence of photography
and the big telescopes, makes it more necessary than for-
merly to concentrate our efforts. It is essential to let the
choice of the observations, both the objects to be observed
and the special observations to be made on them, be guided
by theory. Kapteyn’s “Plan of Selected Areas” is a grandly
conceived scheme of codrdinated observations that must be
brought together by international codperation and have,
indeed, already been brought together for a great part.

Kapteyn’s work has put its mark upon the whole of mod-
ern astronomy; many of the most useful concepts, that we
use every day, and have become so accustomed to that we
are apt to think they have always been there, were actually
introduced for the first time by Kapteyn; thus, e. g., the
colour index, the absolute magnitude, and others.

And yet nothing has been said about the huge observa-
tional work, the compilation of observational data, that
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Kapteyn has performed, the thousands of parallaxes and
proper motions determined in the Groningen Laboratory,
and especially the Cape Photographic Durchmusterung,
that in itself would be enough to be the life-work of an astron-
omer and to secure for him an honourable position amongst
the greatest of his day.
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PHOTOGRAPHY AND SPECTROSCOPY - THE
GREAT TELESCOPES - THE GALACTIC AND
THE EXTRA-GALACTIC SYSTEMS

THE essential difference between the work of Kapteyn and
that of Herschel more than a century earlier is due to the
enormous increase of the observational data in the mean-
time.

Also Kapteyn’s own work and the great influence of his
methods on the development of science have been largely
instrumental in emphasising one of the characteristics of
modern astronomy, the collecting of data referring to ever
fainter stars, and especially the development of methods of
determining the distances of faint and far-away objects. We
shall have to come back to this point later on.

In the last third of the nineteenth century two new
methods of observation were developed which have made
possible this large increase of data, viz. photography and
spectroscopy.

Photography has not only multiplied the observer’s pro-
ductivity by a large factor, but it has also made the obser-
vations more impersonal. The result is fixed on the photo-
graphic plate, and it is always possible to return to it and
verify or amend the conclusions.

It 1s not necessary to enter into the details, but it is a fact
that nowadays we can hardly imagine astronomy without
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photography. I need not recall to your mind all the im-
portant discoveries made with its aid. .And not only have
these discoveries widened the field of astronomy, but also
the old fundamental astronomy has profited largely by the
remarkable properties of the photographic film. Photo-
graphic methods are specially suited for the measurement of
proper motions and parallaxes; greater precision is obtained
in less time than with the old methods. Also for the determi-
nation of positions photography begins nowadays to give
results.

The second new method is spectroscopy; this has opened
up an entirely new world, and has made things possible that
half a century or two-thirds of a century ago nobody could
dream of. At first, after the discovery of the origin of the
spectral lines by Kirchhoff, the chief point of interest was
the investigation of the chemical constitution of the at-
mospheres of the stars, the “chemistry of the stars.” Pres-
" ently it was found that it is possible to arrange the stars
according to their spectra in one continuous series of types,
and even so accurately that eventually decimals of a spectral
type had to be used. Of course it was very soon assumed
that this order was the order of evolution. Even apart from
this, and even if this simplistic view has had to be abandoned
or greatly modified, the fact that this arrangement in a con-
tinuous sequence is possible remains one of the most im-
portant assets in the study of the universe.

We have already spoken about the discoveries of lapteyn,
who, as a pioneer in this field, was the first to find and study
statistical relations between spectral type and proper mo-
tion, absolute magnitude, distribution in space, etc.
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From the spectroscopy of the stars an entirely new kind of
physics has gradually arisen during the last fifteen years.
There is a strong interaction between astronomy and phys-
ics; astronomy supplies the physicist with many kinds of
extreme circumstances that he cannot realise in his labora-
tory: enormous distances, long times, high densities, low
densities, high temperatures. Physics in return gives the
astronomer much valuable help. The new science of astro-
physics has become something entirely different from what
used to be called physical astronomy half a century ago. It
is outside the scope of these lectures to enter into the details
of this branch of astronomys; still I will not omit to point out
the important researches about the internal constitution of
the stars by Eddington, Milne, and so many others. The
modern theories regarding the constitution of the stars and
the processes that keep their radiation going are singularly
interwoven with the theories of atomic processes. Modern
physics would be impossible without astrophysics. The inti-
mate interconnection between them is typically exemplified
in the title of Sir Arthur Eddington’s delightful little book,
“Stars and Atoms,” of 1927, which is representative of the
attitude of mind of the physicist and the astrophysicist of
today.

With this development is closely connected the evolution
in scientific thought, which leads us more and more away
from Newton’s rigorous standpoint allowing only pure gen-
eralisation and induction and “framing no hypotheses,”
towards a much more dominating position of hypothesis in
modern science.

Spectroscopy has, however, done even more. Besides
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creating the possibility of the new science of astrophysics, it
has also opened up a new domain of astronomy of precision.
By the application of Doppler’s principle, first put into prac-
tice by Huggins in 1868 and Vogel in 1871, the radial com-
ponents of the velocities of the stars, the rate at which they
are receding from us or approaching us, can now be measured
with great precision, whatever the distance of the observed
star may be (so long, of course, as it is not too faint for the
spectrum to be observed).

The reaping of the harvest of all these new methods has
even surpassed our expectations, in consequence of the de-
velopment of optical and mechanical technique, and of the
great telescopes. Herschel’s forty-foot telescope (aperture
48 inches, completed in 1789) was, properly speaking, too
big for the mechanical possibilities of that time. It was ex-
tremely cumbrous to handle, and even an enthusiastic ob-
server like Herschel could seldom work with it. Thus, up to
- the middle of the nineteenth century, the size of Herschel’s
twenty-foot telescope (aperture 19 inches), with which prac-
tically the whole work of William and John Herschel has
been done, remained the standard size.

In February 1845 the 72-inch reflector of Lord Rosse, at
Parsonstown in Ireland, was completed, and as early as
April of that year the first spiral nebula was discovered with
it. It was mounted in the meridian, had only a small side-
ways possibility of motion, and was not convenient in prac-
tice. The enormous advance in mechanical enginec.ing can
hardly be better appreciated than by comparing the mount-
ing of Lord Rosse’s telescope with that of the modern re-
flector of the same aperture at the observatory at Victoria,
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British Columbia, built in 1918. For more than seventy
years Lord Rosse’s telescope remained the largest exist-
ing. It was only superseded by the 10o-inch Hooker tele-
scope of the Mount Wilson Observatory, completed in 1918,
and perhaps before long the 200-inch will be constructed.

The great advantage of the large mirrors, of course, is that,
by the large amount of light collected, the mass of obser-
vational data is very much increased, much fainter objects
can be observed, and investigations about the structure of
the milky way, continued in the way of William Herschel,
can be pushed much farther. Also by the aid of photography
more details are brought out, and the structure can be stud-
ied much more exhaustively than by visual observations.

As has been pointed out already, the difference between
Herschel and Kapteyn lies in the fact that the latter disposed
of good determinations of distances, whilst Herschel did not
know with certainty the distance of one single star. Since
the completion of Kapteyn’s system new methods of deter-
mining distances have been found, viz. that of spectroscopic
parallaxes and the determination of distance from cepheids.

The method of spectroscopic parallaxes was discovered in
1914 by Adams and Kohlschiitter. They found that from
certain characteristics of the spectrum, by the comparison
of the intensities of certain lines, the intrinsic brightness of
the star could be derived. Thus, the apparent brightness
being also known, the distance can be determined.

The measuring of distances by means of cepheids is based
on the same simple property of light, viz. that the intensity
is inversely proportional to the square of the distance. Ceph-
eids are a special kind of variable stars, very regular and
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having a characteristic light curve, which makes their identi-
fication easy and unmistakable. In 1912 Miss Leavitt, of
the Harvard Observatory, found an empirical relation be-
tween the periods and the luminosities of these stars, so that,
if the period is known, the medium absolute brightness can
be read from the curve. This method of deriving distances
was used for the first time by Hertzsprung in 1914 for the de-
termination of the parallax of the small Magellanic Cloud.
Bailey had in 1900 discovered many variables, called cluster-
variables, in some globular clusters. These are probably not
true cepheids, but they fit into the period-luminosity curve.
Consequently the same method could be extended to the
measurement of the distances of globular clusters. The weak
point is the determination of the zero of the scale. That
must be found from the known distances of cepheids, but as
most cepheids have a very small parallax, the direct deter-
mination of their distance is very uncertain, and it must be
found from proper motions. This, however, brings in all the
difficulties of fundamental astronomy, such as systematic
errors in declination, etc.

Having thus, very briefly and superficially, described the
new tools which modern research has at its disposal, we pro-
ceed to review the principal results that have been obtained.

The most notable progress in our ideas concerning the size
and the structure of the stellar system, immediately after
Kapteyn’s investigations, is due to Shapley’s researches, of
which the results are described in a series of pape.s called
“Studies based on colours and magnitudes in stellar clusters,”
published from 1915 to 1920. This work was done entirely
with the 6o-inch telescope of the Mount Wilson Observa-
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tory. The chief results are the determination of the dis-
tances and the distribution in space of the globular clusters,
and the indication of the connection of the system of the
globular clusters with the galactic system. Shapley’s classi-
cal series of papers in the Mount Wilson Contributions was
completed in 1920, but the principal conclusions are con-
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The globular clusters and the milky way, according to H. Shapley, 1918

tained in number XII, of April 1918, called “Remarks on
the arrangement of the sidereal universe,” and in paper X1V,
“Further remarks on the structure of the galactic system,”
published in November 1918. The diagram, Figure 6, is
taken from the latter paper. It represents the system of the
globular clusters as it results from Shapley’s work. Subse-
quent investigations have made some changes in the details,
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but the great lines have not been altered. The globular
clusters, of which there are about one hundred, are arranged
symmetrically with regard to the plane of the milky way.
Roughly speaking, they fill a sphere and the distances on
both sides of the plane of symmetry are about 15000 parsecs.
(We now quote the dimensions as at present most generally
adopted, not Shapley’s original ones of 1918.) In that sphere
with radius 15000 ps the distribution of the globular clusters
is approximately uniform, with a slight condensation towards
the centre. In a space between two parallel planes on both
sides of the plane of symmetry, which is shaded in the dia-
gram, there are no, or very few, globular clusters, at least if
there are we do not see them. We will return to this point
later on. In that same central strip, of course, are situated
the clouds of the milky way.

It is most remarkable to compare Shapley’s diagram of
1918 (Fig. 6) with that representing William Herschel’s last
" ideas, published in 1817 (Fig. 4). In both cases we have the
central disc, containing the milky way clouds, and extending
indcfinitely in the direction of the central plane, and on both
sides of this central disc is the “region of the globular clus-
ters.”” And not less remarkable is the comparison of Her-
schel’s first theory of 1785 (Fig. 3) with the Kapteyn system
(Fig. 5). Kapteyn’s results were essentially complete about
1900. Thus we see history repeating itself after a century.
About the beginning of the nineteenth century we have the
two theories of William Herschel, published at an interval
of about thirty years, and in the first years of the present
century we have two very similar theories, at a somewhat
shorter interval, but this time by two different investigators.
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Of course the modern editions depend on much more com-
plete observational data, and more rigorous discussion, while
Herschel’s results were based mostly on assumption and
reasoning from analogy. But this only serves to increase our
admiration for the wonderful intuition of this great man, and
it is certainly most remarkable to find the same evolution of
ideas that took place in his mind repeated after a century in
what we might call the collective mind of the astronomical
world. About the year 1800 the astronomical world, at least
so far as sidereal astronomy is considered, consisted of Wil-
liam Herschel alone.

Within the central disc of Shapley’s diagram are situated,
as already mentioned, the milky way clouds, of which the
Kapteyn system may be one. The centre of the Kapteyn
system lies at a distance of about 10000 ps from the centre
of the system of globular clusters, which is also the centre of
the whole galactic system, while according to the most gen-
erally adopted views the density decreases when we recede
from the centre of the Kapteyn system, not only in the
direction perpendicular to the galactic plane but also in that
plane. It may then increase again as we come to other clouds.
Such is about the image that we formed of the galactic sys-
tem after Shapley’s work, say about ten years ago.

On April 26, 1920, took place the homeric fight on the
scale of the universe, the discussion between Shapley and
Curtis, in which Shapley defended the scale of his new model
of the galactic system, depending chiefly on the observed
distances of the globular clusters, against the contrary view
of Curtis, who favoured a scale about ten times smaller. In
this discussion reference is also made to what is known under
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the name of the “theory of island universes,” though it
played only a very subordinate part in the argument. The
idea of this theory, viz. that our galactic system is a nebula
and that some of the nebulae that we see in the sky are sys-
tems of the same size and nature as our own, is, of course, as
old as William Herschel. The spiral structure of the galactic
system was, as far as I know, first suggested by Easton in
1900, and its analogy with the spiral nebulae has been of
great influence on our ideas regarding the structure of the
galactic system.

Easton’s diagram, which was constructed by him as an
illustration and explanation of his theory, is reproduced in
Fig. 7. In the border is an accurate photometric map of
the milky way as we see it: we must think of the milky way
as projected on the inside of a cylindrical surface, and then
the cylinder is bent out flat. Of course the picture is a nega-
tive; the darkest shades represent the brightest parts in the
sky. In the middle is a schematic picture of a spiral. Itis
not intended to represent any particular nebula, but it looks
very much like, say, M. 33 or M. 101 (see Plate VITI). The
sun is supposed to be at S, and lines of sight are drawn to
show that what we should see from this position agrees in
general character with the actual milky way as we see it in
the sky. Easton explains the two branches of the milky way
by supposing the two arms of the spiral to be not exactly in
the same plane. This is now known to be inexact. Also the
direction of the centre in Easton’s diagram is in the constella-
tion of Cygnus, about at right angles to where we now know
it to be. So not much remains of Easton’s theory beyond the
general idea that the galactic system is of spiral structure.
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In the ten years elapsed since the completion of Shapley’s
work on the globular clusters three new points of view have
come to the front, which have been of great importance for
the development of our conceptions of the galactic system.

The distribution of the stars in the milky way is very ir-
regular. There are many darker spaces between the clouds,
and there are dark lanes and patches without stars across
and right in the middle of them. Some of the most noted
examples are in the constellation of Ophiuchus (Plate XI).
William Herschel used to call these “holes in the sky,” and
it has long been thought that they were actually places
where there are no stars. The conviction that they are, on
the contrary, places where there is something preventing us
from seeing the stars has only slowly dawned upon us. It
began by Barnard’s discovery of “dark nebulae.” Then, by
the investigations of Pannekoek and others it has become
certain that in the galactic plane there are very extensive
clouds of obscuring matter, either gaseous, non-luminous,
nebulae, or clouds of small particles or dust.

The analogy with many spiral nebulae seen edgeways, and
showing a dark band running along the whole length of their
equatorial planes, such as, e. g, N. G. C. 4565 (Plate XII,)
tends to strengthen both our belief in the similarity of our
own system to the spirals and our belief in the existence of
this zone of obscuring matter all around the galactic plane.
This same absorbing layer explains why we do not see any
globular clusters in the milky way, nor any exti 1-galactic
(spiral) nebulae. Another very important theoretical con-
clusion to be drawn from the existence of this obscuring band
is that the decrease of density with increasing distance, as
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derived by Kapteyn’s theory, may be only apparent and due
in great part, or perhaps entirely, to absorption. An absorp-
tion of one magnitude per thousand parsecs would be suffi-
cient to explain the apparent decrease of density derived by
Kapteyn from the observed numbers of stars for different
magnitudes, the actual density along the galactic plane being
constant. In the direction perpendicular to the galactic
plane it is almost certain that there is no appreciable absorp-
tion. In that direction therefore the decrease of density as
determined by Kapteyn is probably real. Taking the thick-
ness of the central segment to be 2000 ps, the density at its
limits would then be about one-fortieth of its value in our
neighbourhood. In the direction of the galactic plane
nothing can be said with certainty; we do not know whether
the density decreases, remains constant, or perhaps increases
in some directions, and the only certain thing we can say is
the same as the conclusion William Herschel arrived at at
the end of his life: that the milky way is unfathomable.
This need not, however, always remain so, and even now
this pessimistic view is too drastic in its generality. As star
counts are being extended to fainter and fainter stars it is
not impossible to separate the effects of a real decrease in
density from those of absorption, and, by investigations
recently published by Mr. Bok of the Harvard Observatory,
it has already been possible not only to delineate approxi-
mately the limits of our own “local system,” the particular
star cloud that we are in, but also to determine where the next
star cloud begins, after an intervening region of small density.
It is particularly gratifying to note that it is essentially by
Kapteyn’s own methods that these results are reached.
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Similar researches, with similar results, have recently been
made by Dr. Seares at the Mount Wilson Observatory. This
is, of course, not the place for a critical discussion of these
recent researches. We cannot do more than mention them,
and draw the conclusion that, notwithstanding the difficul-
ties resulting from the absorption, Kapteyn’s statistical
methods will be found applicable, and will give very valuable
results, far beyond the limits of the Kapteyn system.

Still the existence of the absorbing matter sets a natural
limit to the application of these methods, though the limit
may be farther away than was thought when it was first
realised that Kapteyn’s conclusions, based on the hypothesis
of no absorption, could not be accepted unaltered. When we
come to distances where the absorption is so strong that we
can no longer see the stars, there is an end to the counting,
and we do not know how much there is beyond. Still the
galactic system must be finite. Its total extent, however,
must be found by other means.

The second important new fact of the last ten years is the
rotation of the galaxy, discovered by Lindblad and Oort.

The relative velocity of the centre of gravity of the stars
near the sun with reference to the system of globular clusters
is about 300 km/sec in a direction perpendicular to the di-
rection towards the centre, and in the plane of the milky
way. Now if this is to be interpreted as a rotation there
must be an effect both on the proper motions and on the
radial velocities. The diagram (Fig. 8) has been cunstructed
to explain this. The sun and its immediate neighbours are
situated at the point S. At the points A, B, . .. H are other
groups of stars, all at the same distance from the sun. Lines
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are drawn from each of these points towards the centre of
rotation, which is outside the diagram, at the bottom. The
velocity of rotation at each of these points is indicated by a
heavy line, with an arrow point to show the direction, such
as Aa in Fig. 9, which is a part of Fig. 8, drawn on a larger

FiGurE 8

Diagram illustrating the rotation of the
galactic system

scale. It is, of course, perpendicular to the direction towards
the centre. Then at each of the eight points a broken arrow-
pointed line like Ab is drawn equal and parallel to the veloc-
ity of the sun. The line Ac, completing the parallelogram
Acab, is the relative motion of A with reference to S. This
is what we observe. The relative velocity Ac is then at each
of the eight points resolved in its two components Ad per-
pendicular to, and Ae along the line of sight. The first is
observed as a systematic angular proper motion, the other
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as a radial velocity. As is evident from the diagram, there is
an effect of the rotation both in the transverse proper mo-
tions and in the radial velocities. If the whole system rotated
as a solid body there would evidently be no change of the
distances and no systematic radial velocities due to the rota-
tion, but if, as in the figure, the velocity of rotation changes
with the distance, the relative radial velocity will show a
double period: it is zero at H, outwards at A, zero again at

e eem

Ficure 9

Detail of Figure 8 on enlarged scale

B, inwards at C, and so on. There is a similar effect in the
proper motions, but that can only be observed in its angular
projection, and it is very small on account of the great dis-
tance. The radial velocity is observed as such spectrographi-
cally, the observation is independent of the distance, and
the effect itself increases with the distance. It is thus much
more favourable for the detection of the rotation than the
transverse component. The observed rotational effect in the
radial velocities (and the proper motions) gives us the data
for the determination of the ratio //R between the velocity
and the distance to the centre, and the rate of change
dV/dR, V being the rotational velocity at the distance R
from the centre. From these data and the observed velocity
V we can derive the distance to the centre R as well as the
centripetal force and the way in which this force depends
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is not represented in the diagram, but it is there, and pre-
vents us from seeing the middle part of the nucleus (and all
that is beyond it) and thus causes the appearance of the two
branches of the milky way. It will be noticed that Oort’s
diagram is very much like a spiral seen edgewise, such as,
e. g, N.G. C. 4565 (Plate XII).

This theory of the rotation of the galactic system provides
the explanation for several phenomena, which had been found
from observations, but could not be explained before. In the
first place the stars of large velocity. It was discovered by
Oort in 1922 that there is a sharp distinction between stars
having a velocity smaller than 63 km/sec and those with a
velocity larger than this, relatively to the centre of gravity
of the stars in the neighbourhood of the sun. The small
velocities are distributed entirely at random; the large veloc-
ities are all directed to one hemisphere. The centre of this
hemisphere towards which the large velocities are directed

"is situated in the plane of the milky way in the direction
ninety degrees from the centre of the system of the globular
clusters. Thus, if the velocities are referred to the centre of
the globular clusters, which on the theory of rotation is the
centre of rotation, the stars with large velocity are the stars
of which the velocity of rotation is smaller than the average,
in other words those that are left behind by the sun and its
neighbours of the Kapteyn system as they speed on in their
rotation round the centre. There are no stars of which the
velocity of rotation exceeds the average of 3oo km, sec by
more than 60 or 63 km/sec. The explanation which suggests
itself, viz. that this velocity of about 360 km/sec is the
velocity of escape from the galactic system, is in numerical
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agreement with the distance to the centre and the mass as
derived above. A star which has a velocity relatively to the
centre of gravity of the stars near the sun larger than 63
km/sec in the direction of the rotation would escape from
the system.

Another phenomenon of which the theory of the rotation
gives a dynamical interpretation is that of the two star
streams, discovered by Kapteyn in 1904. Notwithstanding
the immense interest aroused by this discovery, and the
large amount of study devoted to the subject, no acceptable
explanation for this remarkable phenomenon had been found
for more than twenty years. If the linear velocity of rotation
increases as we approach the centre of the system, which it
does according to the observed evidence of the radial veloc-
ities, or even if it decreases less rapidly than it would do in a
rotating solid body, then the random relative velocities of
the stars, i. e. the deviations of the true velocities from the
uniform motion in a circle, must necessarily have preference
for the radial direction. The agreement of the observed direc-
tion of the star streams with the direction towards the centre
is not so close as we might wish. Whether the discrepancy
is so large as to be really disquieting is difficult to say.

In some spiral nebulae, the Andromeda nebula, M. 33,
N. G. C. 4594, and some others, a rotation has been observed
from radial velocities by Slipher at Flagstaff and by the ob-
servers at Mount Wilson. This strengthens again the anal-
ogy which has already several times been mentioned.

The third of the recent discoveries mentioned above as
having been of great importance in shaping our ideas about
the galactic system is the following.
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It has been known for some time that in the spectra of
some of the brightest and hottest stars the calcium lines H
and K show a different radial velocity from the other lines
of the spectrum. The explanation of these‘“stationary lines,”
as they used to be called, suggested by Plaskett and theo-
retically worked out by Eddington, is that they are due to
absorption in the extended and rarefied clouds, consisting
of ionised calcium, which fill up the interstellar space be-
tween the star and the earth.

Recently it has been proved that this calcium cloud shows
the same rotational effects in radial velocity as the stars
themselves and consequently shares in the rotation of the
whole system.

Another important fact is the distribution of planetary
nebulae. Planetary nebulae are rather strongly condensed
towards the plane of the milky way and, in that plane,
towards the longitude of the centre of the globular clusters.
The number of planetary nebulae per unit of volume is
greater in the direction towards the centre than in the direc-
tion away from it. Incidentally we may remark that here
again is a statistical result extending beyond the limits of
the Kapteyn system. Moreover, the planetary nebulae de-
cidedly show the Oort effect in their radial velocities and
thus partake in the rotation of the whole system.

Reviewing the position now, we come to the conclusion
that the model that we had of the galactic system a.ter the
completion of Shapley’s series of papers of the period from
1915 till 1920 needs only little emendation. The stars,
galactic nebulae, dark nebulae, planetary nebulae, open
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clusters, galactic clouds, etc., are distributed over a narrow
segment that extends not farther than 1000 or 1500 ps to
both sides of the galactic plane. They are strongly condensed
towards the middle of this strip. In the neighbourhood of the
sun one-half of the mass is contained between the limits of
about 270 ps on both sides of the central plane. Near
the centre the width may be (and probably is) greater. This
whole system is rotating round a centre which co-incides with
the centre of the system of globular clusters. The distance
of the solar system from the centre is of the order of 10000 ps
and the velocity of rotation at that distance is in the neigh-
bourhood of 300 km/sec. The period of revolution is thus of
the order of two hundred million years. It appears probable
that the stars, clusters, nebulae, etc., in this flat system show
great local varieties of density and are collected in what are
commonly described as the galactic star-clouds. The Kap-
teyn system may be one of these star-clouds. It is, of course,
not impossible that the change of density in the direction of
the galaxy, found by Kapteyn’s method, is only apparent
and due to the absorption by dark matter. Whether there
exists a “local system”” or not, cannot yet with absolute cer-
tainty be deduced from our observational data, but the most
recent researches appear to go a long way towards establish-
ing its reality.

The density in the direction perpendicular to the galactic
plane probably decreases more or less in accordance with the
results found by Kapteyn, which would make the density
about one-tenth at a distance of 500 parsecs.

The centre of the great galactic system lies in the direction
of galactic longitude 325°, roughly speaking on the border of
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the constellations Sagittarius and Scorpio, between the two
branches of the milky way, the central condensation of mass
being hidden from our view by the obscuring matter.

The analogy of our milky way system with the spiral
nebulae is very strong and it is very tempting to consider
our system as a spiral nebula. If, however, the galactic sys-
tem is a spiral nebula, our position must be in the outer and
less dense parts of the nebula.

The surface luminosity of that part we are in, viewed from
the outside, cannot differ much from four times the luminos-
ity of the sky as seen from our position in the direction of the
pole. This is very faint, and it appears doubtful whether the
whole Kapteyn system would be bright enough to be visible
on a photograph of our system taken from a distance, say,
of a million lightyears in a direction perpendicular to the
galactic plane. Some of the brighter clusters, such as the
Pleiades, or Praesepe, would probably be visible, but they
* would appear as somewhat hazy star-like points from that
distance. On the other hand, from the same distance in the
plane of the milky way it seems probable that the Kapteyn
system would be visible as a brighter portion near the end of
the nebula, such as is present in the lower left-hand corner
of the photograph of N. G. C. 4565, reproduced in Plate XII.

This idea of the larger milky way system will certainly
still be changed in so far as the details are concerned, but one
thing seems certain and is very strongly impressed on us,
viz. that the whole system is one unit. The theory of rota-
tion explains so many observed facts, the strong flattening,
the behaviour of stars of large velocity, the star streams, that
it can no longer be doubted. Further the fact that many
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different kinds of stars, the planetary nebulae, the inter-
stellar calcium clouds, all give the same rotation, shows con-
vincingly that the whole system is one unit. Within the
system there are, very probably, rather large differences of
density, local conglomerations of stars, but these are not, as
has been suggested, separate systems forming a more or less
haphazard conglomeration. They all have the same plane of
symmetry, and are evidently part of one whole, one organ-
ism so to say. As a consequence of the rotation itself, these
local conglomerations must necessarily be rather short-lived
and cannot survive more than a limited number of revolu-
tions, unless they are very concentrated.

On the other hand we see in other galactic systems, the
spiral nebulae, similar conglomerations of matter, and, as
these nebulae also must have a rotation, which is evident
from their flattening and has been observed in some cases,
we have here exactly the same problem. The dimensions of
the spiral nebulae are rather large as compared with their
relative distances; the ratio is of the order of 1/20 to 1/50,
whilst the ratio of the diameters of the stars to their mutual
distances is of the order of several tens of millions. Near
approaches between spiral nebulae may be considerably
more frequent than between stars, and the effect of such a
near approach would probably tend to destroy the homo-
geneity if it existed.

There is, however, one strong argument against the identi-
fication of our galactic system with these spiral nebulae, and
that is the size. We have seen that the equatorial dimensions
of the galactic system are of the order of 3oocoo ps, and
true diameters of spiral nebulae, as derived from the best
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available apparent diameters and distances, are very much
smaller. The mean of about thirty gives something like
2700 parsecs. Our own system would thus be very excep-
tional. Now at the present time we do not like to be excep-
tional. There have been times in the history of mankind
when any argument that seemed to prove that we occupied
a privileged place in the universe would be hailed with appro-
bation, but these times are past. Modern scientific con-
science objects to the idea of exceptions being made in our
favour, and accordingly we wonder whether there is not a
flaw in the argument, and whether perhaps our system is not
smaller than we think it is, or the spiral nebulae may be
larger than we think they are. As to the latter point, on the
one hand the observed apparent diameters of the spirals may
be too small; it is not impossible that those portions of the
spiral nebulae which are so far out of the centre as we are
away from the centre of our system are too faint to appear
on the photographs. On the other hand, the adopted dis-
tances may be too small. With only two exceptions they
depend practically alone on the adopted magnitudes of the
brightest stars in them, for which Hubble assumes the abso-
lute magnitude —6.3. Supposing the objects of which the
apparent magnitude has been determined in the spiral nebula
and to which this absolute magnitude is assigned to be not
stars, but globular (or other) clusters, the true absolute mag-
nitudes would be four or five magnitudes brighter, and the
distance, and therefore also the true dimensions, would have
to be multiplied by a factor nine or ten, which would make
the spirals of the same size as our galactic system. The prob-
lem of the determination of the apparent diameters and mag-
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nitudes and of the distances of the extra-galactic nebulae is
one of the most important and one of the most difficult of
the present day.

We have arrived in this chapter at a definite picture of the
structure of the universe, which, of course, is not final, but
most probably correct in its essential features. We have all
these spiral systems, swimming as islands in a great sea of
emptiness. Whether our own system is of the nature of a
continent, or just like all the other islands, is still uncertain.
We know, of course, only a very small part of the universe,
which we may call our “neighbourhood,” but we like to
think that this neighbourhood is just an ordinary portion of
the universe, and that those parts which we cannot yet reach
with our observations are of the same nature.

In the next lecture we will speak of the expansion of the
universe. That is a very remarkable thing, but more re-
markable is the recent expansion of our knowledge of the
universe. Our “neighbourhood” has expanded about a thou-
sandfold in the last fifteen years, say from a radius of a hun-
dred thousand to a hundred million lightyears, as the result
of the observations with the large telescopes, especially the
100-inch reflector at Mount Wilson.



VI

RELATIVITY AND MODERN THEORIES OF
THE UNIVERSE - CONCLUSION

THE last fifteen years have seen the most remarkable de-
velopment of physical and astronomical theories, and of our
ideas about the universe. It is outside the scope of the
present series of lectures to consider the new theories of
atomic physics and the corresponding new development of
astrophysics, but we must say some words about the theory
of relativity, which is now about sixteen years old.

The theory of relativity may be considered as the logical
completion of Newton’s theory of gravitation, the direct con-
tinuation of the line of thought which dominates the de-
- velopment of the science of mechanics, from Archimedes —
who may be considered as the first relativist — through
Galileo to Newton. Newton’s theory had celebrated its
greatest triumphs in the eighteenth and nineteenth centuries;
one after another all the irregularities in the motions of the
planets and the moon had been explained by the mutual
gravitational action of these bodies. In the beginning of the
nineteenth century Laplace’s monumental work completed
the application of the theory on the motions of the planets.

The final triumph came in 1846 by the discovery of Nep-
tune, verifying the prediction by Adams and Leverrier,
based on the theory of gravitation.

Gradually Newton’s law of gravitation had become a
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model on which physical laws were framed, and all physical
phenomena were reduced to laws which were formulated
as attractions or repulsions inversely proportional to some
power of the distance, such as, e. g., Laplace’s theory of capil-
larity, which was even published as a chapter in his “Mé-
canique céleste.” Gradually, however, during the second half
of the nineteenth century, the uncomfortable feeling of dis-
like of the action at a distance, which had been so strong in
Huygens and other contemporaries of Newton, but had sub-
sided during the eighteenth century, began to emerge again,
and gained strength rapidly.

This was favoured by the purely mathematical transfor-
mation (which can be compared in a sense with that from
the Ptolemaic to the Copernican system), replacing Newton’s
finite equations by the differential equations, the potential
becoming the primary concept, instead of the force, which is
only the gradient of the potential. These ideas, of course,
arose first in the theory of electricity and magnetism — or
perhaps one should say in the brain of Faraday. In electro-
magnetism also the law of the inverse square had been su-
preme, but, as a consequence of the work of Faraday and
Maxwell, it was superseded by the field. And the same
change took place in the theory of gravitation. By and by
the material particles, electrically charged bodies, and mag-
nets — which are the things that we actually observe —
come to be looked upon only as “singularities” in the field.
So far this transformation from the force to the potential,
from the action at a distance to the field, is only a purely
mathematical operation. Whether we talk of a “particle of
matter” or of a “singularity in the gravitational field” is
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only a question of a name. But this giving of names is not
so innocent as it looks. It has opened the gate for the en-
trance of hypotheses. Very soon the field is materialised,
and is called aether. From the mathematical point of view,
of course, “aether” is still just another word for “field,” or,
perhaps better, for “space” — the absolute space of Newton
— in which there may or may not be a field. From the point
of view of physical theory (and it is especially in the theory
of electromagnetism that this evolution took place), however,
the “aether of space,” as it used to be called about forty
years ago, is not simply space, it is something substantial,
1t s the carrier of the field, and mechanical models, consisting
of racks and pinions and cogwheels, are devised to explain
how it does the carrying. These mechanical models have, of
course, been given up long ago: they were too crude. But
hypotheses have kept cropping up on all sides: electrons,
atomic nuclei, protons, wave-packets, etc. At first the imag-
ining of mechanical models went on. Fifteen, or even ten,
years ago, although an atom was no longer, as the name im-
plies, just a piece of matter that could not be cut into smaller
pieces, atoms, electrons, and protons were still thought of as
mechanical structures, models of the atom were imagined,
having the mechanical properties of ordinary matter. The
inconsistency of first explaining matter by atoms and then
explaining atoms by matter was only slowly realised, and
it is only comparatively recently that we have come to see
that there is nothing paradoxical in the fact that .n atom
or an electron, which are not matter, may have properties
different from those of matter, and must be allowed to do
things that a material particle could not do.



106 KOSMOS

However, whilst in all other domains of physics hypotheses
have been found successful in accounting for the observed
facts, and replacing the formal laws, the case of gravitation
stands apart. Gravitation has been insusceptible to this
general infection. By using this word I do not mean to sug-
gest that the luxuriant growth of hypotheses in physics is a
contagious disease, — it is not a disease, but a natural de-
velopment, — but it is certainly contagious. Gravitation,
however, seems to be immune to it. In the course of
history a great number of hypotheses have been proposed
in order to “explain” gravitation, but not one of these has
ever had the least chance, they have all been failures. Why
is that? How does it come about that we have been able to
find satisfactory hypotheses to explain electricity and mag-
netism, light and heat, in short all other physical phenomena,
but have been unsuccessful in the case of gravitation? The
explanation must be sought in the peculiar position that
gravitation occupies amongst the laws of nature. In the
case of other physical phenomena there is something to get
hold of, there are circumstances on which the action depends.
Gravitation is entirely independent of everything that in-
fluences other natural phenomena. It is not subject to ab-
sorption or refraction, no velocity of propagation has been
observed. You can do whatever you please with a body, you
can electrify or magnetise it, you can heat it, melt or evap-
orate it, decompose it chemically, its behaviour with respect
to gravitation is not affected. Gravitation acts on all bodies
in the same way, everywhere and always we find it in the
same rigorous and simple form, which frustrates all our at-
tempts to penetrate into its internal mechanism. Gravita-
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tion is, in its generality and rigour, entirely similar to iner-
tia, which has never been considered to require a particular
hypothesis for its explanation, as any ordinary special
physical law or phenomenon. Inertia has from the beginning
been admitted as one of the fundamental facts of nature,
which have to be accepted without explanation, like the
axioms of geometry.

But gravitation is not only similar to inertia in its general-
ity, it 1s also measured by the same number, called the mass.
The inertial mass is what Newton calls the “quantity of
matter’: 1t is a measure for the resistance offered by a body
to a force trying to alter its state of motion. It might be
called the *passive mass.’
other hand, i1s a measure of the force exerted by the body in
attracting other bodies. We might call it the “active” mass.
The equality of active and passive, or gravitational and iner-
tial, mass was in Newton’s system a most remarkable acci-
dental co-incidence, something like a miracle. Newton him-
self decidedly felt it as such, and made experiments to verify
it, by swinging a pendulum with a hollow bob which could
be filled with different materials. The force acting on the
pendulum is proportional to its gravitational mass, the
inertia to its inertial mass: the period of its swing thus de-
pends on the ratio between these two masses. The fact that
the period is always the same therefore proves that the
gravitational and inertial masses are equal. Gradually, dur-
ing the eighteenth century, physicists and philosophicrs had
become so accustomed to Newton’s law of gravitation, and
to the equality of gravitational and inertial mass, that the
miraculousness of it was forgotten and only an acute mind

b

The gravitational mass, on the
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like Bessel’s perceived the necessity of repeating those ex-
periments. By the experiments of Bessel about 1830 and of
Eo6tvés in 190g the equality of gravitational and inertial mass
has become one of the best ascertained empirical facts in
physics.

In Einstein’s general theory of relativity the identity of
these two coefficients, the gravitational and the inertial
mass, is no longer a miracle, but a necessity, because gravi-
tation and inertia are identical.

There is another side to the theory of relativity. We have
pointed out in the beginning how the development of science
is in the direction to make it less subjective, to separate more
and more in the observed facts that which belongs to the
reality behind the phenomena, the absolute, from the sub-
jective element, which is introduced by the observer, the
relative. Einstein’s theory is a great step in that direction.
We can say that the theory of relativity is intended to re-
move entirely the relative and exhibit the pure absolute.

The physical world has three space dimensions and one
time dimension; the position of a material particle at a cer-
tain time # is defined by three space codrdinates, %, y, 2. In
Newton’s system of mechanics this is unhesitatingly ac-
cepted as a property of the outside world: there is an abso-
lute space and an absolute time. In Einstein’s theory time
and space are interwoven, and the way in which they are
interwoven depends on the observer. Instead of three plus
one we have four dimensions.

Is the fact that we observe the outside world as a four-
dimensional continuum a property of this outside world, or is
it a consequence of the particular nature of our consciousness,
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does it belong to the absolute or to the relative? I do not
think the answer to that question can yet be given. For the
present we may accept it as an empirically ascertained fact.

The sequence of different positions of the same particle at
different times forms a one-dimensional continuum in the
four-dimensional space-time, which is called the world-line
of the particle. All that physical experiments or observa-
tions can teach us refers to intersections of world-lines of
different material particles, light-pulsations, etc., and how
the course of the world-line is between these points of inter-
section is entirely irrelevant and outside the domain of
physics. The system of intersecting world-lines can thus be
twisted about at will, so long as no points of intersection are
destroyed or created, and their order is not changed. It
follows that the equations expressing the physical laws must
be invariant for arbitrary transformations.

This is the mathematical formulation of the theory of
" relativity. The metric properties of the four-dimensional
continuum are described, as is shown in treatises on differen-
tial geometry, by a certain number (ten, in fact) of quanti-
ties denoted by g5, and commonly called “potentials.” The
physical status of matter and energy, on the other hand, is
described by ten other quantities, denoted by T, the set of
which is called the “material tensor.” This special tensor
has been selected because it has the property which is math-
ematically expressed by saying that its divergence vanishes,
which means that it represents something permanent. The
fundamental fact of mechanics is the law of inertia, which
can be expressed in its most simple form by saying that it
requires the fundamental laws of nature to be differential



110 KOSMOS

equations of the second order. Thus the problem was to find
a differential equation of the second order giving a relation
between the metric tensor g, and the material tensor T.
This is a purely mathematical problem, which can be solved
without any reference to the physical meaning of the sym-
bols. The simplest possible equation (or rather set of ten
equations, because there are ten g’s) of that kind that can be
found was adopted by Einstein as the fundamental equation
of his theory. It defines the space-time continuum, or the
“field.”” The world-lines of material particles and light
quanta are the geodesics in the four-dimensional continuum
defined by the solutions g,; of these field-equations. The
equations of the geodesic thus are equivalent to the equa-
tions of motion of mechanics. When we come to solve the
field-equations and substitute the solutions in the equations
of motion, we find that in the first approximation, i. e. for
small material velocities (small as compared with the veloc-
ity of light), these equations of motion are the same as those
resulting from Newton’s theory of gravitation. The dis-
tinction between gravitation and inertia has disappeared;
the gravitational action between two bodies follows from the
same equations, and is the same thing, as the inertia of one
body. A body, when not subjected to an extraneous force
(i. e. a force other than gravitation), describes a geodesic in
the continuum, just as it described a geodesic, or straight
line, in the absolute space of Newton under the influence of
inertia alone.

The field-equations and the equations of the geodesic to-
gether contain the whole science of mechanics, including

gravitation.
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In the first approximation, as has been said just now, the
new theory gives the same results as Newton’s theory of
gravitation. The enormous wealth of experimental verifica-
tion of Newton’s law, which has been accumulated during
about two and a half centuries, is therefore at the same time
an equally strong verification of the new theory. In the
second approximation there are small differences, which have
been confirmed by observations, so far as they are large
enough for such a confirmation to be possible. Thus espe-
cially the anomalous motion of the perihelion of Mercury,
which had baffled all attempts at explanation for over half
a century, is now entirely accounted for. Further the theory
of relativity has predicted some new phenomena, such as the
deflection of rays of light that pass near the sun, which has
actually been observed on several occasions during eclipses;
and the redshift of spectral lines originating in a strong
gravitational field, which is also confirmed by observations,

"e. g. in the spectrum of the sun, and also in the spectrum
of the companion of Sirius, which, being a so-called white
dwarf, i. e. a small star with very high density and conse-
quently a strong gravitational field, gives a considerable red-
shift. We cannot stop to explain these phenomena in detail.
It must suffice just to mention. them.

Two points should be specially emphasised in connection
with the general theory of relativity.

First that it is a purely physical theory, invented to ex-
plain empirical physical facts, especially the identity of gravi-
tational and inertial mass, and to codrdinate and harmonise
different chapters of physical theory, and simplify the enun-
ciation of the fundamental laws. There is nothing meta-
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physical about its origin. It has, of course, largely attracted
the attention of philosophers, and has, on the whole, had a
very wholesome influence on metaphysical theories. But
that is not what it set out to do, that is only a by-product.

Second that it is a pure generalisation, or abstraction, like
Newton’s system of mechanics and law of gravitation. It
contains #o Aypothesis, as contrasted with other modern
physical theories, electron theory, quantum theory, etc.,
which are full of hypotheses. It is, as has already been said,
to be considered as the logical sequence and completion of
Newton’s Principia.

A special feature of the development of physics in the
nineteenth century has been the arising of general principles
beside the special laws, such as the principles of conserva-
tion of mass and of energy, the principle of least action, and
the like. These differ from the special laws, not only by being
more general, but they aspire, so to say, to a higher status
than the laws. Their claim is that they express fundamental
facts of nature, general rules, to which all special laws have
to conform. And they accordingly exclude a priori all at-
tempts at “explanation” by hypotheses or mechanical
models. It is characteristic of the theory of relativity that
it enables us to include all these principles of conservation
in one single equation.

We have a direct knowledge only of that part of the uni-
verse of which we can make observations. I have already
called this “our neighbourhood.” Even within the confines
of this province our knowledge decreases very rapidly as we
get away from our own particular position in space and time.
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It is only within the solar system that our empirical knowl-
edge of the quantities determining the state of the universe,
the potentials g5, extends to the second order of smallness
(and that only for gy, and not for the others), the first order
corresponding to about one unit in the eighth decimal place.
How the g, outside our neighbourhood are, we do not know,
and how they are at infinity, of either space or time, we
shall never know, otherwise it would not be infinity. That
is what Archimedes meant when he said that the universe
could not be infinite. The universe that we know cannot be
infinite, because we ourselves are finite. Infinity is not a
physical, but a mathematical concept, introduced to make
our equations more symmetrical and elegant. From the
physical point of view everything that is outside our neigh-
bourhood is pure extrapolation, and we are entirely free to
make this extrapolation as we please, to suit our philosophi-
cal or aesthetical predilections — or prejudices. It is true
that some of these prejudices are so deeply rooted that we
can hardly avoid believing them to be above any possible
suspicion of doubt, but this conviction is not founded on any
physical basis. One of these convictions, on which extra-
polation is naturally based, is that the particular part of the
universe in which we happen to be is in no way exceptional
or privileged, in other words that the universe, when con-
sidered on a large enough scale, is isotropic and homogene-
ous. It should, however, be remembered that there have
been epochs in the evolution of mankind when this was by
no means thought self-evident, and the contrary conviction
was rather generally held.

During the last years the limits of our “neighbourhood™
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have been enormously extended by the observations of extra-
galactic nebulae, made chiefly at the Mount Wilson Observa-
tory. These wonderful observations have enabled us to make
fairly reliable estimates of the distances of these objects and
to say something about their distribution in space. It ap-
pears that they are distributed approximately evenly over
“our neighbourhood.” They also are all of roughly the same
size, so that we can make an estimate of the density of matter
in space. Further the observations have disclosed the re-
markable fact that in their spectra there is a displacement
of the lines towards the red corresponding to a receding
velocity increasing with the distance, and, so far as the de-
terminations of the distances are reliable, proportional with
it. If the velocity is proportional to the distance, then not
only the distance of any nebula from us is increasing, but
all mutual distances between any two of them are increasing
at the same rate. Our own galactic system is only one of a
great many, and observations made from any of the others
would show exactly the same thing: all systems are receding,
not from any particular centre, but from each other: the whole
system of galactic systems is expanding.

It is perhaps somewhat difficult to imagine the expansion
of three-dimensional space. A two-dimensional analogy may
help to make it clear. Let the universe have only two dimen-
sions, and let it be the surface of an indiarubber ball. It is
only the surface that is the universe, not the ball itself. Ob-
servations can only be made, distances can only be measured,
along the surface, and evidently no point of the surface is
different from any other point. Let there be specks of dust
fixed to the surface to represent the different galactic sys-
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tems. If the ball is inflated, the universe expands, and these
specks of dust will recede from each other, their mutual dis-
tances, measured along the surface, will increase in the same
rate as the radius of the ball. An observer in any one of the
specks will see all the others receding from himself, but it
does not follow that he is the centre of the universe. The
universe (which is the surface of the ball, not the ball itself)
has no centre.

It is, of course, not essential that we have chosen for our
illustration a rubber 4a/l. We might just as well have taken
any other surface, it is not even necessary that it should be
a closed surface. Even a plane sheet of rubber might do just
as well, if only the stretching to which it must be subjected
to illustrate the expanding universe is the same in all direc-
tions.

These then are the two observational facts about our
neighbourhood, which have to be accounted for by the
theory: there is a finite density of matter, and there is ex-
pansion, i. e. the mutual distances are increasing, and there-
fore the density is decreasing. Of course we can only be cer-
tain of these facts so far as our observations reach, i. e. for
our “neighbourhood,” but, in agreement with our principle
of extrapolation, we extend these statements to the whole of
the universe.

We have thus to find a universe — i. e. a set of potentials
g satisfying the field-equations of the general theory of
relativity — that has both a finite density of matte. and an
expansion. And, since we only consider the universe on a
very large scale, and make abstraction of all details and local
irregularities, our universe must be homogeneous and iso-
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tropic. It follows at once from this condition of homogeneity
and isotropy that the three-dimensional space of it must be
what mathematicians call a space of constant curvature.
Even so mathematics offers us a free choice between differ-
ent kinds of space. The curvature may be positive, negative,
or zero. It is not possible to picture, or imagine, the different
kinds of three-dimensional space. We think that we have a
mental picture of euclidian, or flat, space, i. e. space of which
the curvature is everywhere zero, but I am not sure that this
is not a self-deception, caused by the fact that the geometry
of this special space has been taught in the schools for the
last two thousand or more years. Itis certain that for physi-
cal phenomena on the scale which our sense organs are able
to perceive, 1. e. neither too small nor too large, the euclidian
space is a very close approximation to the true physical
space, but for the electron, and for the universe, the approxi--
mation breaks down. To help us to understand three-dimen-
sional spaces, two-dimensional analogies may be very useful
(though also sometimes misleading). We can imagine differ-
ent kinds of two-dimensional space, since we are able to place
ourselves outside them. A two-dimensional space of zero
curvature is a plane, say a sheet of paper. The two-dimen-
sional space of positive curvature is a convex surface, such
as the shell of an egg. It is bent away from the plane towards
the same side in all directions. The curvature of the egg,
however, is not constant: it is strongest at the small end. The
surface of constant positive curvature is the sphere, say our
indiarubber ball of a moment ago. The two-dimensional
space of negative curvature is a surface that is convex in
some directions and concave in others, such as the surface
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of a saddle or the middle part of an hour glass. Of these two-
dimensional surfaces we can form a mental picture because
we can view them from outside, living, as we do, in three-
dimensional space. But for a being, who would be unable to
leave the surface on which he was living, that would be im-
possible. He could only decide of which kind his surface was
by studying the properties of geometrical figures drawn on it.
For the geometrical figures have different properties on the
different surfaces. On the sheet of paper the sum of the
three angles of a triangle is equal to two right angles, on the
egg, or the sphere, it is larger, on the saddle it is smaller. On
the flat paper — and on the saddle-shaped surface — we can
proceed indefinitely in the same direction, on the egg or the
sphere, if we continue to move in the same direction we ulti-
mately come back to our starting point. The spaces of zero
and negative curvature are infinite, that of positive curva-
ture is finite. Thus the inhabitant of the two-dimensionai
surface could determine its curvature if he were able to
study very large triangles or very long straight lines. If the
curvature were so minute that the sum of the angles of the
largest triangle that he could measure would still differ from
two right angles by an amount too small to be appreciable
with the means at his disposal, then he would be unable to
determine the curvature, unless he had some means of com-
municating with somebody living in the third dimension.
Now our case with reference to three-dimensional space is
exactly similar. We have no intuitive knowledge of wne kind
of space we live in. So we must find out which kind it is by
studying the triangles and other geometrical figures in it.
As we are concerned with physical space, the triangles that
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we must investigate are those formed by the tracks of ma-
terial particles and rays of light, and naturally, in order to
be able to distinguish different kinds of space, we must study
very large triangles and rays of light coming from very great
distances. Thus the decision must necessarily depend on
astronomical observations.

Even the most refined astronomical observations, how-
ever, fail to show any trace of curvature. The triangles that
we can measure are not large enough, and, I fear, never will
be large enough, to detect the curvature. Fortunately, how-
ever, we are, in a way, able to communicate with the fourth
dimension. The theory of relativity has given us an insight
into the structure of the real universe: it does not consist of
a three-dimensional space 4nd a one-dimensional time, exist-
ing independently of each other, as in Newton’s system of
mechanics, but is a four-dimensional structure. The study of
the way in which the three space-dimensions are interwoven
with the time-dimension affords a kind of outside point of
view of the three-dimensional space, and it is conceivable
that from this outside point of view we might be able to
perceive the curvature of the three-dimensional world.

At one time it was thought that this was so, and that we
could actually prove that the curvature must be positive.
However, recent mathematical investigation has shown that
this was a mistake. We shall never be able to say anything
about the curvature without introducing certain hypotheses.
These rather vague statements will become clearer when we
penetrate more deeply into the nature of the cross-connection
between space and time in the four-dimensional universe.
It is, of course, difficult to explain these without the use of
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mathematical formulae, but, by following the historical line
of development, I shall endeavour to lead up to an under-
standing of the present position without using too technical
language.

Let us begin by considering the finite density of matter in
the universe. The average density is very small. Matter is
actually distributed very unevenly, it is conglomerated into
stars and galactic systems. The average density is the den-
sity that we should get if all these great systems could be
evaporated into atoms of hydrogen, or protons, and these
distributed evenly over the whole of space. There would
then probably not be more than three or four protons in
every cubic foot. That is a very small density indeed: it is
about a million million times less than that of the most per-
fect vacuum that we can produce in our physical laboratories.
The universe thus consists mostly of emptiness, and it ap-
pears natural to consider a universe without any matter at
all, an empty universe, as a good approximation to begin
with for our grand scale model. The galactic systems are
details which can be put in afterwards. But we may also
take as our first approximation a universe containing the
same amount of matter as the actual one, but equally dis-
tributed, i. e. having a finite average density of three or four
protons per cubic foot. The local deviations from the aver-
age, caused by the conglomeration of matter into stars and
stellar systems, are then disregarded in the grand scale
model, and are only taken into account when we come to
study details.

Now fifteen years ago, in the beginning of 1917, two solu-
tions of the field-equations for a homogeneous isotropic uni-
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verse had been found, which I shall provisionally call the
solutions “A” and “B.” It should be mentioned that at
that time only ssatic solutions were looked for. It was
thought that the universe must be a stable structure, which
would retain its large scale properties unchanged for all time,
or at least change them so slowly that the change could be
disregarded. In one of these solutions (B) the average den-
sity was zero, it was empty; the other one (A) had a finite
density. Both, of course, were, as was well appreciated, only
approximations to the actual universe. In B, to get the real
universe, we should have to put in a few galactic systems,
in A we should have to condense the evenly distributed mat-
ter into galactic systems. The universe A is really and essen-
tially static, there can be no systematic motions in it. It has
an average density, but no expansion. It is therefore called
the static universe. B, on the other hand, is not really static,
it expands, and it could only parade in the garb of a static
universe because there is nothing in it to show the expan-
sion. B is therefore called the empty universe. Thus we had
two approximations: the static universe with matter and
without expansion, and the empty one without matter and
with expansion. The actual universe, as we have seen, has
both matter and expansion, and can, therefore, be neither
A nor B. In 1917 this dilemma had not yet become urgent,
and was hardly realised. The actual value of the density
was still entirely unknown, and the expansion had not yet
been discovered.

Now in both the solutions A and B the curvature is posi-
tive, in both three-dimensional space is finite: the universe
has a definite size, we can speak of its radius, and, in the



RELATIVITY AND MODERN THEORIES 121

case A, of its total mass. In the case A, the static universe,
there is a definite relation between the curvature and the
density, in fact the density is proportional to the curvature,
the factor of proportionality being a pure number (1/4mw,
if appropriate units are used). Thus, if we wish to have a
finite density in a static universe, we must have a finite
positive curvature.

At this point we must say a few words about the famous
lambda. The field-equations, in their most general form,
contain a term multiplied by a constant, which is denoted
by the Greek letter A (lambda), and which is sometimes
called the “cosmical constant.” This is a name without
any meaning, which was only conferred upon it because it was
thought appropriate that it should have a name, and because
it appeared to have something to do with the constitution of
the universe; but it must not be inferred that, since we have
given it a name, we know what it means. We have, in fact,

“not the slightest inkling of what its real significance is. It is
put in the equations in order to give them the greatest possi-
ble degree of mathematical generality, but, so far as its math-
ematical function is concerned, it is entirely undetermined:
it may be positive or negative, it might also be zero. Purely
mathematical symbols have no meaning by themselves; it is
the privilege of pure mathematicians, to quote Bertrand
Russell, not to know what they are talking about. They —
the symbols — only get a meaning by the interpretation
that is put on the equations when they are applied to the
solution of physical problems. It is the physicist, and not
the mathematician, who must know what he is talking about.
At first, in Einstein’s paper of November 1915, in which the
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theory reached its final form, the term with A\ was simply
omitted, in other words N was supposed to have the special
value zero. That was the simplest way of avoiding the re-
sponsibility of attaching a label to it, and, of course, an en-
tirely legitimate way: it is very bad physics to introduce
more arbitrary constants than are needed for the representa-
tion of the phenomena. But fifteen months later, in Febru-
ary 1917, it was found that a static solution with a positive
curvature — the solution A — was not possible without
the A. In fact the curvature is proportional to X (in solu-
tion A, \ is equal to the curvature; in B, when treated as a
static solution, it is three times the curvature). Thus, at the
time when we had only the two static solutions A and B, and
thought that these were the only possible ones, here was a
plausible physical interpretation of the meaning of A: it was
the curvature of the world, and the square root of its recipro-
cal, the radius of curvature, could be conceived as providing
a natural unit of length. It gave the electron something to
measure itself by, so that it might know how large it ought
to be, as Sir Arthur Eddington has expressed it. Recently
Eddington has replaced this interpretation by another one
of the same nature, involving the gravitational mass and the
electric charge of the electron. But recent developments
have made it very difficult to maintain these interpretations,
as we shall presently see.

We must now take up the thread of the narrative where
we left it a little while ago. We were in the position of hav-
ing two possible solutions: the static universe with matter
but without expansion, and the empty universe with expan-
sion but without matter.
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Now the observed rate of expansion is large: the universe
doubles its size in about fifteen hundred million years, which
is a short time, astronomically speaking. In the “static”
universe expansion is impossible, the “empty”’ universe does
expand. Therefore we may be tempted to consider the empty
universe as the most likely approximation; and we'can pro-
ceed to compute the radius of curvature of the universe, sup-
posing it to be of the empty type, from the observed rate of
expansion. It comes out as about two thousand million
lightyears.

The universe, however, is not empty, but contains matter.
The point is how much matter. Is the density anywhere near
that corresponding to the static universe, or is it so small
that we can consider the empty universe as a good approxi-
mation? We have seen that the universe is some million
million times as empty as our most perfect vacuum. But
this is not the correct way to measure the emptiness of the
‘universe. We must use as a standard of comparison, not our
terrestrial experience, but the theoretical density of the
static universe. It is easy to compute the density of a static
universe of a radius of two thousand million lightyears, and
it comes out only very little larger than the observed density.
The actual universe is thus very far from empty, it is, on the
contrary, nearly full.

We thus come to the conclusion, which was already fore-
shadowed above, that the actual universe is neither the static
nor the empty one. It differs so much from both of these
that neither can be used as an appropriate grand scale model.
We must thus look for other solutions of the general field-
equations. On account of the expansion our solution must
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necessarily be a non-static one, and it must have a finite
density. There is only one possible static solution possessing
a finite density, viz. our old friend A, but of non-static solu-
tions with finite density there exists a great variety. I will
now depart from the strictly historical narrative and enu-
merate these different possible solutions, not in the order in
which they have been discovered, but in the sequence of a
natural classification.

In the solutions A and B the curvature of three-dimen-
sional space was necessarily positive, and the mysterious
“cosmical constant” N was also positive. In the non-static
solutions this is not so. At first this was not realised. We
had become so accustomed to think of X as an essentially
positive quantity, and of a finite world with positive curva-
ture, that the idea of investigating the possibility of solu-
tions with negative or zero values of X and of the curvature
simply did not arise. But when this oversight was corrected,
it appeared at once that in the non-static case both A and
the curvature need not be positive, but can be negative or
zero quite as well. I will therefore use the value of A and the
sign of the curvature as the principles of classification. The
instantaneous state of the universe is characterised by a cer-
tain quantity occurring in the equations, which is denoted by
the letter R, and which, if there is a curvature, can be inter-
preted as the radius of curvature, or the “radius” for short.
The way in which the universe expands is determined
by the variation of this R with the time. There are three
types, or families, of non-static universes, which I will call
the oscillating universes, and the expanding universes of the
first and of the second kind. They are represented graphi-
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cally in Figure 11. The horizontal codrdinate is the time,
the vertical codrdinate is the “radius.” Of each type only
one example is given in the figure, but it should be realised
that each of these is a representative of a family, comprising
an infinite number of members differing in size and shape.

Radius

FiGure 11

The three families of non-static universes

In the oscillating universes the “radius” R increases from
zero to a certain maximum size, which is different for each
member of the family, and then decreases again to zero. The
period of oscillation has a certain finite (and rather short)
value, different for each member of the family. In the ex-
panding family of the first kind the radius is continually in-
creasing from a certain initial time, when it was zero, to be-
come infinitely large after an infinite time. In the expanding
series of the second type the radius has at the initial time a
certain minimum value, different for the different members
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of the family, and increases to become infinite after an in-
finite time.

If N\ is negative, only oscillating universes are possible,
whatever the curvature may be, positive, negative or zero.
The only choice is between the different members of the
oscillating family, and to each special value of X corresponds
one member of the family.

If X is zero, and the curvature positive, we have still an
oscillating universe; if the curvature is zero or negative, the
universe is one of the first family of expanding universes.

If A is positive, then for positive curvatures the three fam-
ilies are possible; for negative and zero curvatures only the
first family of expanding universes exists. The different
possibilities are given in the following small table.

TABLE VII
Curvature
A
Negative Zero Positive

Negative ........... Oscillating Oscillating Oscillating
Zeto .....iiiinnnnn Expanding I Expanding 1 Oscillating

Oscillating
Positive............. Expanding 1 Expanding I Expanding 1

Expanding 11

We do not know to which of the three possible families our
own universe belongs, and there is nothing in our observa-
tional data to guide us in making the choice. And even if we
have decided on the family, we have still the freedom to
select any particular member of it. This is not because the
data are not accurate enough, but because they are deficient
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in number. The observations give us fwo data, viz. the rate
of expansion and the average density, and there are three
unknowns: the value of \, the sign of the curvature, and the
scale of the figure, 1. e. the units of R and of the time. The
problem is indeterminate. If we make an hypothesis regard-
ing either \ or the curvature, then we can find the other from
the observed data, or rather we would be able to do so, if the
data were sufficiently accurate. We might, e. g., decide a
priori that the curvature should be zero, 1. e. that the three-
dimensional space should be euclidean. If we make that
hypothesis, we have a sufficient number of data to enable us
to determine the value of . We might, on the other hand,
wish to get rid of the ), on the ground that it ought never
to have been there, being unfortunately introduced into the
equations in a past stage of the development of the theory,
when we were mistakenly trying to find a static solution.
In other words we might make the hypothesis that the true
value of \ is zero. In that case the data of observation will
allow us, if they are sufficiently accurate, to determine the
curvature.

As a matter of fact neither the average density nor the
rate of expansion are at the present time known with suffi-
cient accuracy to make an actual determination possible, even
if an hypothesis of this kind is adopted. All we can say is
that, if the curvature is small (as we know it must be, because
it is imperceptible by ordinary geometric methods in our
neighbourhood), then X must be small, and if the curvature is
very small, then X must be very small. On the other hand, if
A is very small, or zero, then the curvature must be very
small, and may even be zero, for aught we can say at present.
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The interpretation of the expanding universe, the making
of a mental picture, or a model, of it, which was, or appeared
to be, easy when we knew that the universe was finite, is not
such a simple matter now that we do not even know whether
the curvature is positive, zero or negative, whether the uni-
verse is finite or infinite. It sounds rather strange to talk of
an infinite universe still expanding. If we were certain that
the curvature was negative, we might still, as in the case of
positive curvature, replace the phrase “the universe ex-
pands’’ by the equivalent one “ the curvature of the universe
decreases.” But if the curvature is zero, and remains zero
throughout, what sort of meaning are we to attach to the
“expansion”? The real meaning is, of course, that the
mutual distances between the galactic systems, measured in
so-called natural measure, increase proportionally to a cer-
tain quantity R appearing in the equations, and varying’
with the time. The interpretation of R as the “radius of
curvature” of the universe, though still possible if the uni-
verse has a curvature, evidently does not go down to the
fundamental meaning of it. The manner in which time and
space are bound up with each other in the four-dimensional
continuum 1is variable. It is difficult to express this vari-
ability of the cross-connections between space and time in
simple language, and different interpretations of it are possi-
ble, corresponding to different mathematical transformations
of the fundamental line-element, e. g. a different choice of
the variable which we interpret as “time.” Perhaps the best
way we can express it is by saying that the solution of the
field-equations of the theory of relativity shows that there
is in the universe a tendency to change its scale, which at
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the present time results in an expansion, but may perhaps at
other times become, or have been, a shrinking. This is true
of the grand scale model of the universe. If we put in the
details, the singularities of the field, viz. the galactic systems
and the stars, we find that there is also a tendency, called
gravitation, to decrease the mutual distances of these “sin-
gularities.” At short distances, within the confines of a galac-
tic system, this second tendency is by far the strongest, and
the galactic systems retain their size independent of the ex-
pansion or contraction of the universe; at large distances,
such as those separating one galactic system from the next,
the first preponderates.

The interpretation of X as providing a natural unit of
length also, of course, becomes difficult. The radius of curva-
ture, or even the more vaguely defined quantity R, can no
longer provide the electron with the means of knowing how
large it ought to be, for R changes and the electron does not
change its size. The electron could still measure itself in
some mysterious way against the square root of the reciprocal
of A—or of minus \, if N\ happened to be negative, — but if
\ were zero that also would not help it.

Also other interpretations, involving the total mass of, or
the number of protons in, the universe, become untenable,
if the universe may, for aught we know, be just as well in-
finite and have no total mass.

The theory of the expanding universe is at the present
moment much less definite than we supposed it to ve a few
months ago, but that does not affect its real significance —
it only brings out more clearly what this significance is, and
what it is not.
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Some consequences of the theory merit a special mention,
however briefly.

A question which has long troubled astronomers and physi-
cists is what becomes of the energy that is continually being
poured out into space by the sun and the stars. To this ques-
tion a complete answer is given by the new theory. Itis used
up, diluted, or degraded, by the expansion of the universe.
Just as a man running to catch a bus or a tram-car gets out
of breath and spends his energy, or a projectile thrown after
a moving train hits it with less force than it would hit a sta-
tionary object, so the light travelling through the expanding
universe and, so to say, trying to reach a particular star, or
stellar system, which is continually receding with great
velocity, is losing energy in trying to catch up with it. Itis
this degradation of the light, technically known as the red-
shift of the spectral lines, by which we become aware of the’
receding velocities of the extra-galactic nebulae. It can be
shown that the decrease of the total amount of radiant
energy in the universe by this degradation exceeds the in-
crease by the radiation of the stars. It would not be correct,
however, to conclude that the expansion is caused 4y the
energy thus lost by the radiation, any more than it would be
correct to say that the tram-car is propelled by the energy
expended by the man who runs after it.

There is one very serious difficulty presented by the theory
of the expanding universe, which we shall have to face with
careful deliberation.

In all solutions there is a certain minimum value of the
“radius” R, either zero, or in the expanding family of the
second kind a finite value, which the universe had at a defi-
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nite time in the past. There appears to be a definite “be-
ginning of time,” a few thousand million years back in his-
tory, as there is a definite “absolute zero” of temperature,
corresponding to minus 273 degrees on the ordinary scale.
What is the meaning of this?

The temptation is strong to identify the epoch of the be-
ginning of the expansion with the “beginning of the world,”
whatever that may mean. Now astronomically speaking
this beginning of the expansion took place only yesterday,
not much longer ago than the formation of the oldest rocks
on the earth. According to all our modern views the evo-
lution of a star, of a double star, or a star cluster, requires
intervals of time which are enormously longer. The stars
and the stellar systems must be some thousands of times
older than the universe!

What must be our attitude with regard to this paradox?
It would appear that, if two theories are in contradiction, we
must give up either the one or the other. The conflict ap-
parently is between the modern theories of stellar evolution
and the dynamical theories of the evolution of double stars
and star clusters on the one hand, and the general theory of
relativity on the other hand. If this were the real contest,
there could be no doubt about the issue: the theory of rela-
tivity would come out of the trial victorious, and the theories
of evolution would have to be revised. This seems to be Sir
Arthur Eddington’s standpoint, as he writes: “we must
accept this alarmingly rapid dispersal of the nebula~ with its
important consequences in limiting the time available for
evolution.” I am afraid, however, that very few astrono-
mers, not to speak of geophysicists, will be prepared to accept
this drastic reduction of the time scale.
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It is possible to relegate the epoch of the starting of the
expansion to minus infinity, e. g. by using instead of the
ordinary time the logarithm of the time elapsed since the
beginning, But this is only a mathematical trick. We call
zero minus infinity, but that only means that we allow the
universe an infinite time to get well started on its course of
expansion, but it does not make the time during which any-
thing really happens any longer.

Mention should be made of a suggestion that has some-
times been advanced, viz. that the observed shift of the
spectral lines towards the red might not indicate a receding
motion of the spiral nebulae, but might be accounted for in
some different way. In fact, all that the observations tell us
is that light coming from great distances — and which there-
fore has been a long time under way — is redder when it
arrives than when it left its source. Light is reddened by age,
it loses energy as it gets older, travelling through space. Or
expressed mathematically: the wavelength of light is pro-
portional to a certain quantity R, which increases with the
time. By the general equations of the theory of relativity
the naturally measured distances in a homogeneous and
isotropic world are then necessarily proportional to the same
quantity R, unless some extraneous cause for the increase of
wavelength, or the loss of energy, is present. By extrane-
ous I mean foreign to the theory of relativity and the con-
ception of the nature of light consistent with that theory.
Moreover this hypothetical cause should have no other ob-
servable consequences, especially it should produce loss of
energy without any concomitant dispersion, which would
blur the images and make the faint nebulae unobservable.
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It would require an hypothesis 44 %oc, and a very carefully
framed one too, so as not to overshoot the mark. No such
hypothesis, deserving serious consideration, has yet been
forthcoming.

It appears to me that there is no way out of the dilemma.
It is an unavoidable consequence of the equations that the
time taken by the radius to increase from anywhere near its
minimum to its present value is of the same order of magni-
tude as the present radius itself, if we adopt corresponding
units of space and time, e. g. years for time and lightyears
for space. The scale is determined by the observed rate of
expansion. I am afraid all we can do is to accept the paradox
and try to accommodate ourselves to it, as we have done to
so many paradoxes lately in modern physical theories. We
shall have to get accustomed to the idea that the change of
the quantity R, commonly called the “radius of the uni-
verse,” and the evolutionary changes of stars and stellar
systems are two different processes, going on side by side
without any apparent connection between them. After
all the “universe” is an hypothesis, like the atom, and
must be allowed the freedom to have properties and to do
things which would be contradictory and impossible for a
finite material structure. What we observe are the stars and
nebulae constituting “our neighbourhood.” All that goes
beyond that, in time or in space, or both, is pure extrapola-
tion. The conclusions derived about the expanding universe
depend on the assumed homogeneity and isotropy, 1. e. on
the hypothesis that the observed finite material density and
expansion of our neighbourhood are not local phenomena,
but properties of the “universe.” It is not inconceivable
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that this hypothesis may at some future stage of the de-
velopment of science have to be given up, or modified, or at
least differently interpreted.

Our conception of the structure of the universe bears all
the marks of a transitory structure. Our theories are de-
cidedly in a state of continuous, and just now very rapid,
evolution. It is not possible to predict how long our present
views and interpretations will remain unaltered and how
soon they will have to be replaced by perhaps very different
ones, based on new observational data and new critical in-
sight in their connection with other data.

Meanwhile the simple workers in science go on quietly,
each working at his own particular problem, undisturbed
by the many strange and contradictory things that are
happening around them and in their own house. And it
1s on this quiet and unostentatious work that the great ad-
vances of science are based. Especially in astronomy two
characteristics are common to all data on which the solu-
tion of the great problems depends. The first is the extreme
minuteness of the quantities to be measured. The determina-
tions of the distances, of the proper motions and radial veloc-
ities, which form the materials out of which the great struc-
tures of the theories of the galactic system and the universe
have been built, all require very accurate measurement of
extremely small quantities. It is always a struggle for the
last decimal place, and the great triumphs of science are
gained when, by new methods or new instruments, the last
decimal is made into the penultimate. Thus, as we have
seen, new epochs were inaugurated in the beginning of the
seventeenth century by the invention of the telescope, and
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in the last third of the nineteenth by the discovery of pho-
tography and spectroscopy.

The other characteristic is that astronomy always requires
a very large number of data. As a consequence of the fact
that direct experiment is impossible in astronomy, we must
have observations of very many stars, and extended to ever
fainter objects, in order to enable us to draw reliable con-
clusions.

These two characteristics of the data that the astronomer
requires to build his science on make two things more neces-
sary in astronomy than in any other science: patience and
organised codperation. Patience because many of the phe-
nomena develop so slowly that a long time is necessary for
them to become measurable, codperation because the ma-
terial is too large and too various to be mastered by one man,
‘'or even by one institute. And coSperation not only between
different workers and institutions all over the world, but also
" cobperation with predecessors and successors for the solution
of problems that require, by their very nature, more than
one man’s lifetime. The astronomer — each working at his
own task, whether performing long calculations, making
theories and hypotheses, or patiently collecting observations
in daily routine — is always conscious of belonging to a com-
munity, whose members, separated in space and time, never-
theless feel joined by a very real tie, almost of kinship. He
does not work for himself alone, he is not guided exclusively,
and not even in the first place, by his own insight or prefer-
ences, his work is always coordinated with that of others as
a part of an organised whole. He knows that, whatever his
special work may be, it is always a link in a chain, which de-
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rives its value from the fact that there is another link to the
left and one to the right of it. It is the chain that is impor-
tant, not the separate links.

It cannot be doubted that at the present moment science
stands high in the popular esteem, much higher than it did
even a short time ago. But I am afraid that often in the
popular mind a sufficiently sharp distinction is not drawn
between science and the applications of science to practical
ends. Science is praised and esteemed because to it are due
the wonderful technical developments that we have wit-
nessed in the last century, the railway and the steamship, the
motor car and the airplane, telephone and radio, matches,
bathrooms, and so on. All this of course is true, and very
wonderful and most important. The general standard of
life has been enormously raised; every citizen now enjoys,
and takes for granted, daily comforts and commodities that
would have been undreamt-of luxuries even for the most
fastidious millionaire a hundred years ago. If we ask, how-
ever, why this increase in our comfort and general standard
of life is good, the only answer can be that it gives us more
leisure to devote ourselves to those things that give real
value to life, the pursuit of science and art. It is as Poincaré
said: “je ne dis pas: la Science est utile, parce qu’elle nous
apprend 3 construire des machines; je dis: les machines sont
utiles, parce qu’en travaillant pour nous, elles nous laisseront
un jour plus de temps pour faire de la science.” And, of
course, as we have repeatedly pointed out, also the improved
technique provides science with more powerful tools, and
thereby stimulates its development. It is a significant fact,
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proved by history, that all the great technical advances
have been based on scientific discoveries which at the time
appeared to be utterly useless, and were made by men who
studied science for its own sake, without giving the slightest
thought to the possibility of application. They are the re-
ward accruing to mankind from the disinterestedness of its
greatest representatives.

A moment ago I coupled science and art in one sentence.
They are the highest manifestations of the human mind,
science of the intellectual side of it, art of the emotional side.
There 1s however much misunderstanding. It happens now
and then that those in whom natural gifts or circumstances
have developed an exclusively artistic or emotional view of
life are filled with pity for the miserable, unimaginative
scientists, crawling in the dust of matter-of-fact measure-
ments and calculations, instead of soaring in the pure ether
of mystic contemplation and understanding. On the other
hand it also happens now and then, but perhaps not so often,
that persons with a specially scientific outlook and education
look down on the poor unpractical and illogical artists. Both
these judgements, of course, are very much mistaken. Science
and art approach the great problems of the understanding
of nature each in its own way, but both require, and use, the
full attributes of the human mind. Imagination is as indis-
pensable for the physicist or astronomer as for the poet; logic
is as necessary for the architect or the musician as for the
mathematician.

The great men of science, as well as the great artists, are
filled with a spirit of reverence, with a consciousness of the
presence of mystery and sublimity in the simplest and small-
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est as well as the greatest of things and phenomena, and
with faith in the order and unity of all things. Only the
way in which they try to comprehend this order and pene-
trate to its deeper meaning is different.

It is a rather common misapprehension that science, by
analysing and dissecting nature, by subjecting it to the
rigorous rule of mathematical formulae and numerical ex-
pression, would lose the sense of its beauty and sublimity.
On the contrary, even the purely aesthetical appreciation,
say of a landscape, or of a thunderstorm, is, in my opinion,
helped rather than impeded by the knowledge, so far as it
goes, that the scientific beholder has of the inner structure
and the connection of the phenomena. And the measure-
ment and reduction to numbers, “pointer readings,” as Sir
Arthur Eddington says, is not the ultimate aim of science,
but its means to an end. By the use of mathematics, that
most nearly perfect and most immaterial tool of the human
mind, we try to transcend as much as possible the limita-
tions imposed by our finiteness and materiality, and to
penetrate ever nearer to the understanding of the myste-
rious unity of the Kosmos.
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