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CHAPTER 31

THE WORLD WIDENS

THROUGHOUT these centuries the fixed stars had roused interest
only as a background for the motion of the planets. They were the
fixed points for the determination of the changing positions of the moon
and the planets. Some few details about themselves had been perceived
now and then; thus a small change in position had been ascertained for
some of them, so that they must have a proper motion. With some stars a
periodical change in brightness had been detected, without giving great
surprise, since the new stars of Tycho and Kepler had offered pheno-
mena far more sensational. In 1596 David Fabricius perceived in the
Whale a star of the third magnitude, which thereafter faded and
disappeared; so he took it for another nova. But in 1638 Holwarda, of
the Frisian University at Franeker, saw it again at the same place; he
saw it disappear and then reappear and found that it alternately in-
creased and decreased to invisibility in a period of eleven months.
Tycho had observed the star, and Bayer had given it the Greek letter
omicron; now it was named Mira Ceti, the ‘miraculous one in the
Whale’. Its fluctuations showed considerable irregularities; sometimes it
attained the fourth magnitude only, sometimes the second, and once
(in 1779) it shone as a first-magnitude star approaching Aldebaran.
According to the Assyriologist Schaumberger, it probably had already
been noticed in Babylon; some cuneiform inscriptions speak of the
constellation Dilgan (i.e. the Whale and the Ram) in terms which
meant to ‘flare up’ and ‘extinguish’.174 In the seventeenth and eighteenth
centuries further discoveries followed; in 1672 Montanari at Bologna,
who also in 1667 had perceived variations in Algol, discovered that low
in the southern sky, in the constellation Hydra, a star fluctuated between
the fourth magnitude and invisibility. In 1685 Kirch, in Berlin, found
an analogous case in a fifth-magnitude star in the neck of the Swan,
x Cygni. Such discoveries show that there were observers who watched
the stars attentively. But the interest was not yet sufficient to stimulate
regular systematic observation.

Other objects belonging to this world of stars were the nebulous
objects, called ‘nebulae’, of which the two most conspicuous had been
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perceived in the seventeenth century. The elongated nebula of Andro-
meda, easily visible to the naked eye, was first mentioned in 1612 by
Simon Marius, and the nebula of Orion surrounding the fourth-
magnitude star 6 in the Sword, discovered in 1619 by Cysat at Ingol-
stadt, was in 1694 depicted by Huygens in his diary. The telescopes
revealed many more and fainter ones. Because when they were first
detected they were often thought to be comets and were announced as
such, the French astronomer Messier, famous comet discoverer, com-
piled a list of over a hundred of these nebulae, which was published
in 1771, to preclude false announcements of phantom comets. This was
all that was known about the world of the stars. Their distance, too,
was still unknown, since all attempts to measure their parallax had
failed.

William Herschel (1738-1822), descendant of a German family of
musicians (hence really christened Wilhelm F riedrich) from Hanover,
had gone to England and at Bath had become a distinguished conductor
and teacher as well as a composer. He had brought from Germany a
keen interest in scientific and philosophical problems, which about 1773
turned into an increasing passion for astronomy. In that year he bought
lenses for a telescope and rented a 2-foot reflecting telescope; but they
did not satisfy him. He then began to make a telescope himself by
casting and grinding a concave mirror. In his diary we find under
September 1774: ‘Attended 6, 7 or 8 scholars [i.e. music pupils] every
day. At night I made astronomical observations with telescopes of my
own construction.” Also on May 1, 1776: ‘I observed Saturn with a new
7-foot reflector’; and on July 13, 1776: ‘I viewed Saturn with a new
20-foot reflector I had erected in my garden.” By experimenting on the
best metal mixture (copper with one-third tin) and grinding and polish-
ing the surface into the right shape with the utmost care, he obtained
mirrors of the most excellent quality, which produced perfectly round
stellar images. On a direct comparison with the telescopes at Greenwich
Observatory, they proved to be far superior. Next to this refined quality
came, as a second factor, the increase in size, hence in brightness and
resolving power; by using strong oculars, he could increase the enlarge-
ment from 200 and 460 times to the then unheard-of values of 2,000,
3,168 and 6,450 times. Assisted by his brother and by his sister Caroline,
his devoted assistant first in his musical occupations and then in his
astronomical work—in which she afterward achieved fame as a dis-
coverer of comets—he made several 7 foot, 10 foot and 20 foot tele-
scopes (the last-named with mirrors of 12 and 19 inches diameter) and
employed them in intensive observation. His work represented con-
siderable progress in astronomical technique, the result of skill and
untiring devotion in striving to make the working apparatus as perfect
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as possible. Thus he had already become.known in the astropomical
world through his observations of the rotation of Mars and Juplt(?r arfd
his micrometric measurements of the height of the lunar mountains, in
ears 1777-81.
thi—l}; set IZi7rI7lself far-reaching goals—in the first place, to ﬁnd the
arallaxes of some stars. In a paper presented to the Royal Sf)glety, he
expounded his ideas; since direct measurements of stellar positions had
too large errors, he proposed to determine r‘epeatedly' the position ofa
bright star relative to a faint star closely adjacenF to it. If the distance
was some few seconds, the relative place and dlspla.cement coyld be
estimated and expressed in diameters of the stellar dlscs‘—here 1s seen
the importance of the regular, circular shape of th.ese dlS(.lS. H.ence he
had started to examine all the brighter stars attentively with his 7-f09t
telescope, to see whether they had faint companions nearby. Then, in
1781: ‘On Tuesday the 13th of March betvsieen 10 ar‘ld 11 in the even-
ing, when I was examining the small stars in the nelghbourhood of H
[i.e. ] Geminorum, I perceived one that appea'red visibly larger t})an
the rest; being struck with its uncommon magnitude, I compar.ed itto
H Geminorum and the small star in the quartile between Auriga an_d
Gemini, and, finding it so much larger than either of them, suspected it
to be a comet.’*75 sy '
With higher powers of magnification he saw th_e disc, increased in
proportion to the power, measuring 3” to 5”. Thls would not be. the
case with star images. During the following days it showeq a slow direct
motion along the ecliptic of nearly 1’ per day; it had no taxl' and showc?d
a well-defined disc, which in the weeks which ensued 1ncreased. in
measurement, so that Herschel supposed that the object was drawing
nearer to the earth. The discovery of this new and singular comet was
immediately communicated to the Astronomer Royal, Maskelyne, an%
others, and it was also soon observed in France. W'hen‘ after severa
months an orbit was computed, it was found to be a c1rc%e 19 times
larger than the earth’s orbit. Hence it was a planet far outside Saturn,
increasing by one the ancient time-honoured num!oer of planets, enlarg-
ing the planetary system to double the former size. The fame of this
discovery induced the King to award Herschel a salary of £200 to
enable him to give up his remunerative musical trade and devote
himself entirely to his passion for astronomy—though he had to add to it
by grinding and selling mirrors for telescopes. I.t may be rem'arked here
that among a list of 70 telescopes mentioned in 1795 as being sol(% to
others, only one is known to have been used in valuable astrgr.lomlcal
work: the 7-foot telescope bought by Amtmanr_l Schroeter at Lilienthal.
His gratitude to the King was shown by his giving Fhe new planet Fhe
name of ‘Georgium Sidus’ (the star of George); in other countries,
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however, the name of Uranus came into use, and it has superseded the
royal designation.

At Slough, near Windsor, where he next settled, Herschel started to
make, with financial aid from the King, a still larger instrument, a
4o-foot telescope with a mirror 58 inches in diameter. In 1789 it was
finished, and Herschel described enthusiastically how for many hours
he had observed Saturn better than before. In 1795 he gave a detailed
description of the gigantic structure of heavy poles, erected on a
foundation of masonry and wooden beams, in which the big tube hung
and could be moved by a system of strong ropes and pulleys. It was
admired and glorified as a wonder of science, and its picture was repro-
duced in books and magazines, and even on medals. However, it was
seldom used by its author for observations. It seems that the handling of
the clumsy colossus was rather laborious and that the images were not
satisfactory, perhaps because the mirror was distorted by its own weight.
All the important work of discovery in later years was achieved with the
20-foot telescope of 19-inch aperture (plate g). It comprised much
valuable work on bodies of the solar system, such as observations of
sunspots and of the ring and belts of Saturn, as well as the discovery of
the white polar caps of Mars, of two satellites of Uranus, and of two
new satellites of Saturn. The main object of all Herschel’s researches,
however, was the world of the fixed stars.

First he completed his work on double stars and published his results
in two catalogues, one of 269 objects in 1782 and another of 434 objects
in 1784. For each of them the position of the faint star was given relative
to the bright one; the angles of position and the larger distances were
measured with the aid of a filar micrometer, and the small distances of a
few seconds were estimated by comparison with the size of the stellar
discs. Of course, they were not very exact, because of the coarseness of
the filar micrometer. In fact, he said: ‘The single threads of the silk-
worm, with such lenses as I use, are so much magnified that their
diameter is more than that of many of the stars’*?®; and he emphasized
‘how difficult it is to have screws that shall be perfectly equal in every
thread or revolution of each thread’.1?” Therefore, he constructed his
‘lamp-micrometer’. Two artificial stars produced by lamps shining
through pinholes, at a distance of about ten feet, were viewed with the
left eye, while the right eye looked at the stars in the telescope; they
could be brought into every relative position so as to appear exactly
like the double star.

In the planning of his research on small companions to bright stars,
Herschel proceeded from the idea that small stars looked small because
they were distant. He assumed that the ‘magnitude’ of a star was thus a
direct indication of its distance, that a fourth-magnitude star stands at a
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four-times greater distance than stars of the first magnitude. The faint
companion could thus serve to find the parallax and distance of the
pright star. However, the large number of cases in which small stars
were seen in the closest vicinity to brighter stars far surpassed what was
to be expected of faint stars through chance distribution. The idea
that most of them must be real companions in space, with a small
intrinsic brightness, must gradually have taken hold of him. The same
thing had been observed by Chr. Mayer at Mannheim, who in 1777
published that he had seen planets belonging to bright stars; real planets
illuminated by their sun, however, would be too faint to be visible.
Many of Herschel’s double stars, moreover, were so nearly equal that
they could be due to chance distribution still less, and they certainly
could not serve as objects for parallaxes. Surely he must soon have
thought of them as real binary systems, for at the close of his first paper
he added: ‘it is much too soon to form any theories of small stars revolv-
ing round large ones.’'78

Twenty years later he returned to the subject by measuring anew the
relative positions of the components of a number of his double stars.
In two papers, in 1803 and 1804, he described how, for about fifty of
them, the position angle had changed by amounts between 5° and 51°.
In a careful discussion he made sure that this change could notbe caused
by a motion of the sun or the proper motion of the chief star; the only
admissible explanation was an orbital motion of the small star about the
large one, or of both about their common centre of gravity. His dis-
cussion demonstrated—if such proof were needed—that Newton’s law of
mutual attraction also ruled the starsin the distant realms of space. The
existence of another type of world system besides our single sun with its
planets was here demonstrated: systems of two stars (some even of
three or four stars) revolving about their common centre.

It was in the early eighties, too, that his attention was drawn to the
problem of the sun’s motion. In a paper in 1783 he said that, since we
know that some stars are moving and that all stars certainly attract
one another, we have to conclude that all stars are moving through
space with the sun among them. A solar motion must reveal itself in an
apparent opposite motion of the stars, which he called, because it
depends on their distance, their ‘systematical parallax’. He used the
name ‘apex’ for the point of the sky whither the sun’s motion is directed,
and he pointed out that the stars situated sideways must show a maxi-
mum effect. From seven bright stars for which Maskelyne had given the
yearly motion in right ascension and declination, then increased to
12 taken from Lalande, and afterwards augmented with 40 additional
Stars from Tobias Mayer, he deduced that the apex must be situated
near the star » Herculis. He even offered ‘a few distant hints’ concerning
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‘the amount’ of the solar motion: the parallax of Sirius and Arcturus
must be less than 1”; the apparent motion of Arcturus due to the trans-
lation of the solar system was no less than 2.7” per year. ‘Hence we may
in a general way estimate that the solar motion can certainly not be less
than that which the earth has in her annual orbit.” In 1805 and 1806 he
returned to the subject, confirming his former result by making use of
the accurate proper motions of 36 bright stars taken from Maskelyne.
His attempt to determine the amount of solar motion could have no
success, since he assumed that the distance of every star corresponded
to its apparent brightness; consequently, he found a great number of
bright stars (such as those which have very small proper motions)
running alongside the sun in the same direction.

Perceiving with his telescopes the wealth of different objects in the
heavens, he conceived the plan of collecting and cataloguing them, so as
to make an inventory of the universe. Besides double, triple and multiple
stars, and well-known groups like the Pleiades, he found numerous
instances of what looked like nebulous spots in smaller telescopes, but
which in his large telescopes appeared to consist of thousands of stars.
Moreover, his telescope showed him numerous smaller nebulae; were
they in reality also clusters of still smaller stars? In systematic ‘sweeps’ of
the telescope over successive belts of the sky, he had assembled since
1783 all the curious objects he had come across. So he was able to
publish in 1786 a ‘Catalogue of one thousand new nebulae and clusters
of stars’, arranged in different greups according to their appearance and
accompanied by short descriptions. In 1789 it was followed by a second
catalogue of more than a thousand objects, and in 1802 a third list of
500 was added. There was no longer any confusion with comets; the
nebulae had been advanced to celestial objects in their own right, as
systems of suns or as worlds in the larger universe.

How large is this universe? What is its structure? Does it consist of an
immense number of solar systems similar to our own? In 1750 Thomas
Wright had already considered that what we see as the Milky Way
encircling the sky was the projection of a gigantic system extending
farthest in the plane of the luminous belt. Kant had adhered to that
view. In 1761 Lambert elaborated a theory according to which the
thousands of stars surrounding the sun constituted a system, and the
Milky Way, because it consisted of a large number of such systems, was a
system of higher order. There might be an even larger number of
Milky Way systems in space, forming a still higher system. All these
opinions, however reasonable they might appear, were mere speculation
and fancy. Herschel was the first who attempted to determine the extent
of the stellar system by systematic observations.

In the first of his two papers, ‘On the Construction of the Heavens’,
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published in 1784 and 1785, he states: ‘On applying the telescope to a
part of the via lactea 1 found that it completely resolved the whole
whitish appearance into small stars.’?7® Hence the study of the Milky
Way could restrict itself to counting the stars. Assuming the stars to be
equally luminous and equally scattered in space, i.e. mainly standing at
equal distances from one another, he could deduce from the number of
stars counted in the field of his telescope how far the system of stars
extended in that direction, i.e. the depth of the starry universe. So he
called this counting ‘Gaging (gauging) the Heavens’ or, in short,
‘star-gauges’. More than 3,000 of such counts were made, condensed
in his second paper into values for a good 400 points of the sky. The
result was the well-known disc—or lens-shaped star agglomeration,
extending in the plane of the Milky Way over 800 times, perpendicular
to this plane 150 times the mean distance of two stars, which was sup-
posed to be the distance from Sirius or Arcturus to the sun. An often-
reproduced figure of a perpendicular section of the system was added, in
which the division of the Milky Way into two branches (about half its
circumference) was also shown (pl. 9). “That the Milky Way is a most
extensive stratum of stars of various sizes admits no longer of the least
doubt; and that our sun is actually one of the heavenly bodies belonging
to it is as evident. I have now viewed and gauged this shining zone in
almost every direction and find it composed of stars whose number, by
the account of these gauges, constantly increases and decreases in pro-
portion to its apparent brightness to the naked eye.”8°

Herschel did not restrict himself in these papers to the simple
determination of distances and dimensions. In his telescope he had seen
so many different forms of stellar agglomerations in gradual diversity
that his thoughts were naturally occupied by the question of what was
their origin. He explained that, by their mutual attraction, stars that
formerly were evenly spread must concentrate into regular or irregular
condensations, with voids left between them. He called it the ‘formation
of nebulae’, indicating that what is seen as a nebula in the telescope
consists of a cluster of very small and distant stars. In the irregularities
and cloud forms of the Milky Way this clustering tendency was clearly
visible. Extensive nebulae he called ‘telescopic milky-ways’. Our Milky
Way is of the same kind as other nebulae. ‘I shall now proceed to show
that the stupendous sidereal system we inhabit . . . consisting of many
millions of stars, is, in all probability, a detached Nebula.’ The chapter
in his paper of 1785 containing this discussion is superscribed by the
thesis: ‘We inhabit the planet of a star belonging to a Compound
Nebula of the third form. 18

It is easily understood that such speculations so widely extending the
realm of the universe roused enthusiastic admiration in some of his
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contemporaries, but in many others met with sceptical doubt; no other
astronomer had seen all these celestial marvels. His ideas of the evolu-
tion of stellar systems and clusters were still more strange to them.
Herschel had been nurtured in his youth on the critical rationalism of
the eighteenth-century Continental concept of nature that was entirely
foreign to the free, but strongly conservative, English mind of those
times. In the biography entitled The Herschel Chronicle his grand-
daughter, Constance Lubbock, writes: ‘Herschel was the first to intro-
duce a disturbing factor into this view of Creation by his suggestion that
it was a long process, not a sudden and completed act. Perhaps one
reason for the coldness with which these papers were received by the
Royal Society may be the fact that thought was not yet so free in
England as in France and Germany. At this time no one could hold any
high position in either of the English Universities or in the teaching
profession unless he took orders in the Church. The Astronomer Royal
was a clergyman as well as Dr Hornsby at Oxford and the Professor of
Astronomy at Edinburgh. Under these circumstances it was natural
that there was a certain reluctance to show approval of Herschel’s
theories, which seemed to run counter to the accepted interpretation of
the Biblical account of Creation.’182

His ideas on clusters and nebulae, however, did not remain the same
when, in continuing his observations, he discovered new kinds of
celestial objects. He was struck by the appearance of stars surrounded
by a faint milky luminosity, uniform throughout; if it were produced by
countless faint stars, they must be excessively small, or if they were
normal, the central star must be an enormous body; ‘we therefore
either have a central body which is not a star, or have a star which is
involved in a shining fluid, of a nature totally unknown to us.” Thus he
wrote in a paper ‘On Nebulous Stars, properly so-called’ in 1791; and he
continued: ‘What a field of novelty is here opened to our conceptions!
A shining fluid, of a brightness sufficient to reach us from the remote
regions of a star of the 8th, gth, 1oth, 11th, or 12th magnitude, and of
an extent so considerable as to take up 3, 4, 5, or 6 minutes in diameter!
Can we compare it to the coruscations of the electrical fluid in the
aurora borealis? Or to the more magnificent cone of the zodiacal light
as we see it in spring or autumn?’18% That it can exist also without a
central star was shown by the no less marvellous round or elongated
nebulous discs, which, because of their uniform light, he had called
‘planetary nebulae’. They could now be explained, ‘since the uniform
and very considerable brightness of their apparent disc accords remark-
ably well with a much condensed, luminous fluid; whereas to suppose
them to consist of clustering stars will not so completely account for the
milkiness or soft tint of their light’.18¢ The same holds for the great
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nebula of Orion, of which he wrote in 1802 that for 23 years he had
seen many changes in its shape and lustre; and he added ‘To attempt
even a guess at what this light may be, would be presumptuous.’185
Now his ideas on evolution, too, were reversed. The faint shine of
small nebulae not dissolved into stars, which formerly he had supposed
to be far-distant agglomerations and, as such, the ultimate result of
clustering forces, had been recognized as thin nebulous matter, which
was now placed at the beginning of evolution as primitive matter, out
of which stars are formed through condensation. We see some of these
nebulous discs contracted in different degrees and with central stars of
different brightness. “‘When we reflect upon these circumstances, we
may conceive that, perhaps in progress of time these nebulae which are
already in such a state of compression, may be still farther condensed so
as actually to become stars’ (1811).18¢ And some years later he wrote:
‘We shall see that it is one and the same power uniformly exerted which
first condenses nebulous matter into stars, and afterwards draws them
together into clusters, and which by a continuance ofits action gradually
increases the compression of the stars that form the clusters’ (1814).187
Herschel in all these researches dealt for the first time with the loftiest
and most far-reaching problems of the structure and development of the
universe. Other phenomena of the fixed stars at the same time drew his
attention, especially the variations in brightness of some stars, which
occupied two of his friends, amateurs like himself. In 1782 John
Goodricke discovered the regular character of the variations of the
second-magnitude star Algol (g Persei), whose variability Montanari
had perceived a century earlier. Always, after a period of 2 days
21 hours, the star showed a decrease to the fourth magnitude, which
Goodricke explained as a periodical obscuration by a dark body
revolving about Algol in that period. Two years afterwards he dis-
covered the regular variations of 3 Cephei and B Lyrae; and Edward
Pigott in 1785 found 7 Aquilae and a small star in the constellation
Scutum to be variable. Herschel in these years also occupied himself with
the magnitudes of the stars. He noticed that the sequence of brightness
which he observed in a constellation often deviated strongly from the
magnitudes assigned to them by Flamsteed’s catalogue and also con-
tradicted the sequence of Greek letters assigned to them by Bayer. He
Supposed that in many cases the stars had, perhaps gradually, changed
their brightness. To investigate such changes he conceived the need for
a designation of the relative brightness of the stars more precise than
that given by the coarse datum of their magnitudes. So he devised a
System of signs composed of points, commas and dashes to indicate
their estimated greater or lesser differences in brightness. In this way he
Compared all the stars numbered by Flamsteed with each other; he
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published the comparison in 1796-99 in four catalogues, and two more
catalogues, completing the constellations, were published from his
manuscripts after his death. His expectation of discovering many
variable stars thereby was not fulfilled; « Herculis was the only star in
which he detected, in 1795, small fluctuations. His method of comparing
small differences in brightness remained unnoticed until, long afterward,
Argelander drew attention to it.

Through all these researches the world of the fixed stars was definitely
incorporated into the realm of actual astronomy. That Herschel had
been able to accomplish this was due in large part to the fact that he
came into science from the outside as a self-taught man. Free from the
burden of tradition, which for those educated in the profession deter-
mines the realm of their duties and the field of acknowledged activities,
he could stray outside along untrodden paths. This has repeatedly
happened in astronomy. Now, as the culmination of four centuries of
constructive revolution, the gates to the wide spaces of the stellar world
were flung open and the ways were cleared for the progress of science in
the following centuries.
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Left: Herschel’s section of the Milky Way (p. 317)

Right: Herschel’s 20-foot telescope (p.314)

9. Top left: William Herschel (p. g312)
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10. Left: Reichenbach’s meridian circle (p. 324)

Right: Friedrich Wilhelm Bessel (p. 324)

CHAPTER 32

THE TECHNICAL BASIS

£ E cannot flatter ourselves that the instruments, even if still

further perfected, will allow us to advance farther and to
increase the accuracy of the measurements beyond one second of arc. It
is quite possible that Bradley has fixed therein the limits of our know-
ledge.’*®® Thus in 1782 wrote the renowned historian of astronomy,
Jean Sylvain Bailly, who in later years, as president of the Constituante,
played a prominent part in the French Revolution. Admiration for the
progress achieved—1” is indeed a small quantity, it represents 155 mm.
on a circle of 2 metres radius—is here combined with the naiveté of the
eighteenth-century citizen, for whom spiritual and scientific evolution—
as also the political evolution of mankind in the near future—would be
completed by the rule of reason and the knowledge of the natural world
order, now well-nigh established. Who could imagine that it was
only the prelude to an ever more rapid tempo of unending social
development, carrying in its wake an equally unending growth of
science?

The Industrial Revolution, with its profound social convulsions,
began in England, in the second half of the eighteenth century. In the
course of the nineteenth century it spread over the adjacent countries
of Europe, over the United States of America and finally over the entire
world. Technical progress was its basis; the small artisan’s implements
of old were superseded by more productive, ingeniously constructed
machines, soon to be moved by the powerful steam engine. Out of
handicraft and small business arose capitalistic big industry, controlling
the economic system more and more, until finally it completely changed
the aspect of the world. Man himself also changed; fierce competition
on the part of the manufacturers brought about a new tension in social
life and aroused a restless energy.

In the European world of absolutism and privilege, dominated by
!anded property and commercial capital, arose a strong middle class of
Industrialists and businessmen, the leaders of the new society. In fierce
Tevolutions (as in France) or in thorough-going reforms (as in England)
1t built up its political power and its social dominance. Its fundamental
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ideals of personal initiative and unrestricted freedom of trade, thinking
and action became the dominant principles of human life.

In this economic development exact science became at an increasing
rate the basis of the new techniques. The old traditional working
methods were replaced by the application of scientific discoveries. The
rising middle class promoted the study of nature by founding univer-
sities and laboratories, because it felt that knowledge of nature was good
and beneficial. Science was encouraged not only because of its technical
use, to increase the productivity of labour, but also because it evoked a
freer mode of thinking. It freed the mind from the bondage of tradition
and became an inspiring spiritual power of knowledge and enlighten-
ment, in which broader sections of the people gradually participated.
Progress and enlightenment (A4ufklarung) became the slogans of the new
age.

That this interest in science was not due solely to its practical utility
for technical progress is shown by the large share which astronomy held
therein. Astronomy, next to mathematics, then the most developed and
esteemed of the sciences, was the field most appropriate for the disin-
terested search for pure knowledge. New observatories were founded,
sometimes from love of science by groups of wealthy private citizens (as
the Harvard Observatory was founded in 1844 by the citizens of Boston),
or in connection with universities as the first examples of what later for
other sciences were called ‘research institutes’. It was a token of the
prominent place that pure science occupied in the mind of man in the
nineteenth century.

The rise of big industry created the technical basis for the progress of
astronomy. The construction of machines for factories and transporta-
tion demanded the development of new, highly perfected techniques of
iron and steel, capable of producing exactly fitting parts and precisely
round axles for rapidly rotating wheels. This perfected metal industry,
the basis of all nineteenth century engineering, also made it possible to
raise astronomical instruments from their former imperfection as
products of handicraft to increasing perfection. Able technicians now
came forward, and in their workshops, with all their skill and devotion,
constructed carefully finished instruments out of the new materials. The
renowned English firms of Ramsden, Cary and afterwards Troughton
and Simms maintained the old standards; but now they found competi-
tors in new German workshops. Influenced by the general European
development, Germany in the last part of the eighteenth century experi-
enced a new spiritual uplift in a flowering of literature, of music and of
philosophy, which was followed, but not until half a century later, by an
economic and political rise. The study of natural sciences participated in
this rise, and in the new century German science was next in importance
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to those of England and France. At the outset Germany played a role in
the renewing and refining of precision techniques. Workshops for the
construction of instruments were established; outstanding among these
were the ones founded by J. G. Repsold at Hamburg in 1802, which
remained in the forefront during the entire nineteenth century, and by
G. von Reichenbach in 1804 at Munich. Usually such shops began with
small instruments, altazimuths for geodetic work and sextants for
navigation; then gradually they ventured on larger tasks.

From the German workshops emerged a new type of instrument for
the determination of stellar positions. By fixing a graduated circle
perpendicularly upon the horizontal axis of a transit instrument used
for meridian transit, this was transformed into a ‘meridian-circle’ or
‘transit circle’, suited for measuring right ascensions and declinations at
the same time. Now the old mural quadrants could be done away with.
They had always been rather clumsy instruments. Because the errors of
position and graduation were difficult to determine, the constructors
attempted to keep these insignificant by heavy construction and solid
foundations. With the meridian circle, on the other hand, precise
finish and easy determination of remaining errors were aimed at.
Accuracy of the declinations had formerly been obtained by using a
large radius of the circle and then making it tractable by taking a quad-
rant instead of a complete circle. Now the radius was taken smaller and
smaller, so that the circle was less deformed by temperature influences
and by flexure through gravity. The errors of complete circles turning
with the axis and read by microscopes in a fixed position were smaller
and could more easily be determined or eliminated. The accuracy of
the readings was secured by the sharply engraved division marks viewed
through a microscope and read at first by a vernier, later on mostly by a
micrometer. When one revolution of the screw corresponds to 1’ on
the circle and the screwhead is divided into 60 parts, the tenth of a
second can be directly read. The telescope attached in the middle of the
axis was considerably improved by providing it with an achromatic
ijective of large aperture, at least four inches, so that the sharp, round
Images of the stars could be accurately bisected and stars down to the
ninth magnitude could be seen in an illuminated field without difficulty.
Tbrough the strong magnification, a star was seen rapidly passing the
Wire reticle in the focal plane; by slowly moving the telescope, the
c{bserver could make the star follow the horizontal wire exactly; and
listening to the ticking of the clock he estimated in tenths of a second the
Moments it passed the vertical wires. A different method of observing the
fime of transit came from America about 1844; instead of simultaneously
l00king at the star and listening to the clock, the observer simply regi-
Stered the moments of transit across the wires on a chronograph by
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tapping the signal key in his hands, while the clock registered its seconds.
Observation of the transits was thus made easier and more accurate;
the accidental error of one transit was about 0.06 of a second of time
only, and that of the combined result of many successive wires was
accordingly smaller.

The refinement of the instrument would have been of no avail, in
fact would have been impossible without the astronomer, who by the
exigencies of his demands drove the technicians to persevere with
improving the instruments, often himself directing their new designs.
The pioneer in this field of precision astronomy in the first half of the
nineteenth century was the Konigsberg astronomer Friedrich Wilhelm
Bessel (1784-1846). Like so many first-rate astronomers, he had come to
astronomy from the outside. A clerk in a merchant’s office in Bremen
and wishing to extend his opportunities in trade by sea travel, he studied
books on navigation and astronomical geography and delved ever more
deeply into astronomical theory and practice. Gifted in mathematical
theory and no less persistent in practical measuring and computing, he
performed all his work with a thoroughness and accuracy far beyond the
relatively coarse quality of the data. By his first published paper, a
reduction of Harriot’s observations of Halley’s comet in 1607, highly
praised by Olbers and Von Zach, he made his entrance into the guild of
astronomers. Soon he gave up his business to become an assistant at
Schroeter’s private observatory at Lilienthal and in 1810 he was called
to Kénigsberg to found there a new observatory. The masterpiece that
gave him a leading place in the astronomical world was the reduction
of the observations of Bradley, whose journals had recently been pub-
lished in full. Because Bradley had carefully determined the errors of
his instruments or noted the data from which they could be derived, this
was the best material the previous century could afford. Bessel had not
only to derive the instrumental errors from the observations themselves
but also the astronomical constants needed for the reduction, such as
aberration, nutation and refraction. So Bessel could rightly call his
work, when it was published in 1818, Fundamenta astronomiae. The more
so because the exactitude of his reduction, which went beyond the
quality even of Bradley’s work, put up a new and higher standard for
the instruments as well as for the astronomers working with them. In
Konigsberg he installed in 1820 a new meridian circle made by
Reichenbach, to set the example (plate 10); and after a full life of
astronomical practice he added in 1841 a greater instrument by
Repsold, provided with all new improvements.

Bessel proclaimed the principle that an astronomical measuring
instrument never corresponds to its abstract mathematical ideal and
therefore can give exact results as produced by an ideal instrument only
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by determining all its errors and applying corresponding corrections to
the measured quantities—provided that the errors are constant because
of the solid construction of the instrument. ‘Every instrument,’ he said
in a popular lecture in 1840, ‘in this way is made twice, once in the
workshop of the artisan, in brass and steel, and then again by the
astronomer on paper, by means of the list of necessary corrections which
he derives by his investigation.’’®? The astronomer can measure with
greater precision than the artisan can construct. He has to determine
carefully all special quantities characterizing his instrument and all the
small deviations from the ideal form and to compute the ensuing correc-
tions. The opt.cal axis of the telescope is not exactly perpendicular to
the axis of rotation, which itself is not perfectly level and directed
east-west; the steel pivots by which the axis rests in the V-shaped bear-
ings are not exactly equal in diameter and not even exactly circular.
The graduation marks do not have exactly equal distances, however
small the deviations in the best instruments may be. There are margins
of error everywhere of thousandths or even hundredths of millimetres.
Many of these deviations depend on temperature, on weather, and on
the time of day in general, or are changing gradually; so the observa-
tions have to be made in such a way that the errors may be eliminated
or determined. Moreover, the observational results have to be corrected
for the changes occurring in the heavens by precession, nutation and
aberration. In order to facilitate their computation and to have them
used by all astronomers in the same way and by the same amount,
Bessel, beginning in 1830, published his Tabulae Regiomontanae (Konigs-
berg Tables), which were used by every astronomer and at last became a
constituent part of the astronomical almanacs.

Constructed and handled in this way, the meridian circle dominated
astronomical measurement in the nineteenth century. It was the chief
instrument of the numerous newly-founded observatories, of the smaller
ones attached to almost every university, as well as of the large central
institutes like Greenwich, Paris, Washington and Pulkovo—here supple-
mented by a ‘vertical circle’ for declinations. It was in use continually,
and the catalogues of right-ascensions and declinations, in which the
work of many centuries was brought together, appeared by the dozen.
The standard of precision can be judged by the unit used, 0.01” in the
declinations, 0.001 seconds of time in the right ascensions. With this
Increase in exact work Bradley, who in Bessel’s reduction had to supply
?.11 the elements, was now only needed to procure the proper motions of
1ts 3,000 stars. A new reduction with modern data by A. Auwers,
Published in 1888, gave good positions—though these observations of
one century earlier were of course not quite up to the new standard.
Even this was no longer needed at the beginning of the twentieth
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century; Lewis Boss, in deriving the proper motions for a new star
catalogue, had at his disposal observations of the new high quality
extending over nearly a century. In all this nineteenth-century work
England, which had led in the eighteenth century, was now following
more slowly the progress on the Continent; not until after 1835, when
G. B. Airy became Astronomer Royal, was Greenwich provided with a
meridian circle of German model. This lag in quality was compensated
byunbroken continuity in the observation of the stars, the sun, the moon
and the planets. Greenwich could be compared with an old-established
house of conservative routine, solid reputation and a fixed clientele,
viz. all the world’s navigation; before long, Cape Town and Washington
shared in the work.

The object of this meridian work, the basis of precise modern know-
ledge of the universe, was the determination of the positions of the stars,
chiefly in respect of accuracy and extent. Firstly, the positions of a small
number of fundamental stars (36 most fundamental Maskelyne stars,
or 400 almanac stars, or even 3,000 Bradley stars) were determined with
the utmost precision, built up entirely independently without taking
over anything from other sources. Secondly, the positions of the tens of
thousands and more of telescopic stars were found by connecting them
with the system of fundamental stars as their basis. The first task—to
establish a reliable system—was the most difficult; the main efforts of
the ablest observers were devoted to this work. The importance, on the
other hand, of having proper motions of very faint stars was so great
that Bessel himself, between 1821 and 1833, devoted many years of his
Reichenbach circle to this work. It was called ‘zone work’, because the
stars caught up in successively passing the meridian at the same place
had nearly the same declination and formed a zone or belt. Such mass
work on faint stars had already been done by Lalande in Paris between
1788 and 1803, with a more primitive instrument; other astronomers
followed his example. Yet all these stars, picked up more or less by
chance and irregularly distributed, did not constitute a complete
collection. Completeness became possible only when, in 1871, the
Astronomische Gesellschaft organized the work upon a co-operative
basis. Thirteen observatories (afterwards increased to 16) were each
assigned a zone of declination, 5° to 10° or 10° to 15° and so on, in
which each had to observe, according to a common plan, all the stars in
the ninth magnitude from lists prepared beforehand. It took scores of
years before this programme of more than 100,000 stars was completed,
because it also had to be extended down to the South Pole. For the
stars of Bessel and Lalande and some others proper motions could now
be derived; yet the basic thought in the work, directed more to the
future than to the past, aimed at the amount of good proper motions
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that would be available when it would be repeated in the twentieth
century.

The methods of the meridian-circle work did not, of course, remain at
the level first attained. Numerous difficulties stood in the way of the
realization of the ideal of precise measurement, which compelled the
astronomers to investigate and unremittingly to improve their working
methods. When, according to the small differences in the separate
results, a high accuracy, expressed by some hundredths of a second,
seemed to be reached, the disappointment was great when much larger
differences, of many tenths or even entire seconds, were found between
the final results ¢{ different observatories. They were of a systematic
character, and it was possible, by tables of corrections gradually
changing with the position in the heavens, to reduce each catalogue to
some average or standard catalogue constructed from the best data.
However, no guarantee could be given that such a standard catalogue
did not have systematic errors of the same order of magnitude, due to
errors common to all the observations.

Sources of such errors, similar for different observers and instruments,
were easy to discover. The right ascensions were entirely dependent on
the constant rate of the timepiece. The chief astronomical clock of an
observatory does not serve to give information about the time; it is an
instrument for astronomical measurement, indicating the regular
rotation of the celestial sphere. Able clockmakers, with the utmost
care, tried during the entire century to provide astronomers with clocks
of increasing perfection. Yet fluctuations in air pressure and tempera-
ture, especially along the pendulum, as well as small irregularities,
vibrations and frictions can influence its rate; and a small difference in
rate between day and night can cause considerable systematic errors in
the right ascensions. To diminish them, the chief clock is often enclosed
in an airtight case and suspended from a strong pillar in an under-
ground room. The timepieces themselves were improved by allowing the
pendulum to swing free from the other parts as much as possible. This
principle was most perfectly realized in the clock constructed by Shortt
which came into use about 1924. Here a pendulum (the master-
clock) swinging entirely free, had nothing to do but to keep the other
pendulum (the slave clock) going at the right pace, while, in its turn, it
is kept going by regular small impulses from the latter.

Another source of systematic differences in right ascension are the
so-called ‘personal’ errors already discussed and pointed out by Bessel.
Observers always wrongly estimate or register the moment the star
image crosses the wire by nearly the same amount, usually late by
anything up to several tenths of a second. Every observer is in error to
a different extent; with increased training this personal error does not
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become smaller but more constant. Experiments with artificial stars
showed, moreover, that the error depends largely on the brightness of
the star and on its apparent velocity across the wires. Thus systematic
errors in right ascension, depending on declination and brightness,
were produced. In order to remedy this evil, Repsold in 1889 introduced
the travelling wire; the observer by slowly turning a screw keeps the
wire constantly bisecting the moving star, while the frame automatically
makes the electric contacts which are registered and afterwards read.
This method of observing is not absolutely free from personal error—
every observer has his special way of keeping the wire to the right or
the left-hand side of the true position—but these errors are a tenth or
less of the errors involved in the old method, and so are the variations
caused by brightness. With the personal errors reduced to some few
hundredths of a second, the sources of error for the right ascensions are,
to a great extent, removed.

It was more difficult with the declinations. In describing the meridian
from the south through the zenith to the north, the telescope has a
differently inclined position relative to gravity and to the horizon for
every declination. Owing to irregularities in the metal parts complicated
flexures arise, not only of the circles but also of the telescope, which can
only be imperfectly derived from measurements with special contrivance
in horizontal and vertical positions. Far worse are the effects of the
refraction in the atmosphere, which in earlier centuries was an impedi-
ment to a good determination of the stars’ positions. Able mathe-
maticians—beginning with citgyen Kramp in Cologne in 1800 (Year VII
of the Republic), whose work was used by Bessel—developed and im-
proved the theory of the refraction during the entire nineteenth century
and computed its variation with the altitude of the star. But large
uncertainties remained, especially near the horizon, chiefly because the
decrease in temperature and density in the higher atmospheric layers
was not well known. What this means is shown by the fact that at an
altitude of 30°, where no astronomer hesitates to make good measure-
ments, the correction for refraction amounts to 160", so that, to compute
it correctly to 0.01”, the result must be certain to 1g§gs of its amount.
Here we have a main source of systematic error. Nor is this the worst;
far more serious are the unknown irregularities in the refraction
for which we cannot account. The air layers of different density may be
inclined, or there is (as often in clear frosty weather) a rise in temperature
with height. The temperature inside the observing room is usually
somewhat higher than outside, in spite of attempts to equalize them,
and the dividing line follows the irregular course of walls and roof. All
these influences vary with the different latitudes at which the observa-
tories are situated but nowhere are they absent. So it is not surprising
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that the most carefully derived catalogues show large systematic
differences and that even the adopted standard system may .be con-
siderably wrong. So we can understand Kapteyn’s complaint in 1922,
shortly before his death: ‘I know of no more depressing thing in the
whole domain of astronomy than to pass from the consideration of the
accidental errors of our star-places to that of their systematic errors.
Whereas many of our meridian instruments are so perfect that ‘by one
single observation they determine the co-ordinates of an equatorial star
with a probable error not exceeding 0.2” or 0.3", the best result to }ae
obtained from a thousand observations at all of our best observatories
together may have a real error of half a second of arc and more.’*?°
Kapteyn showed the probability that Lewis Boss’s standard system,
then considered the best, contained considerable errors because the
proper motions derived for some zones of declination were directed too
much to the north, and for others too much to the south. A new
standard system, derived by Kopff at the Berlin Astronqmical Comput-
ing Office from the best modern series of observations, in fact d<'3v1ated
from the Boss System at these points. To decide the question an
entirely different method of observing was required, wherc': ﬂefmre and
refraction would play no role in the determination of declinations. For
an observer on the earth’s equator the celestial poles are situated on the
horizon, and all the stars of the same right ascension with d.eclinatlons
from +go° to —go° are situated beside one another on, or a little above,
the horizon. Declinations can then be measured as azimuths with a
horizontal circle, free from refraction. Led by these considerations, the
Leiden Observatory in 1931-33 sent two observers to Kenya in East
Africa to measure declinations by means of an accurate azimuth
instrument. Their results indicated the need for systematic corrections,
as was expected ( +0.6” at —30°; 0" at +10°; +0.3" at +30° of declina-
tion), so that the Berlin system was shown to be nearer the .tl."uth. The
way to a faultless system of declinations by improved repetition seems
to have been opened up. j
We now return to the beginning of the nineteenth century, to view
the progress of technical knowledge in another domain—in optics.
Dollond’s introduction of the achromatic lens systems had brought
about a great improvement in the measuring instruments. Because
glass-making methods were quite imperfect, however, it was not until
the nineteenth century that the telescopes themselves gained in per-
fection and power. This was due mainly to the work of a young and
gifted Bavarian, Joseph Fraunhofer (1787-1826). In 1806 he entered
the workshop of the Utzschneider and Reichenbach firm, where he was
soon at the head of optical work. In 1817 the departments were
separated, and in association with Utzschneider, a rich financier with
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strong scientific interests, Fraunhofer founded an Optical Institute at
Munich. Two imperfections had to be overcome. In the first place, the
values of the refraction indices for the different kinds of glass which were
needed in computing the lenses were very imperfectly known, ‘so that,
with all accuracy in the computation of achromatic objectives, their
perfection is doubtful and seldom comes up to expectations’.»®* More-
over, the materials were inadequate, especially English flint glass,
‘which is never entirely free from striae’. He was initiated into the secrets
of glass manufacture by his colleague, P. L. Guinand, an able French-
Swiss glassworker. After twenty years of experiments Guinand had
succeeded, in 1799, in fabricating faultless discs of flint 10 to 15 cm.
in diameter; and afterwards he was able to produce even larger discs,
up to 30 and 35 cm., by welding good small pieces in softened condition.
His skill and craft traditions were preserved and maintained afterwards
in the French glassworks.

Fraunhofer investigated deeply the refraction of light of different
colours in various types of glass by means of exact measurements with a
theodolite. He was continually hampered by the difficulty that the red
or yellow light to which his measures related could not be exactly
identical and recovered. At last, on experimenting with the prismatic
solar spectrum, he discovered the fine black lines crossing it, which
afterward were called by his name, ‘Fraunhofer lines’. ‘By means of
many experiments and variations,” he wrote in 1817 in a paper for the
Bavarian Academy, ‘I have now become convinced that these lines and
streaks belong to the nature of the solar light and are not caused by
diffraction or appearances.’?2 He counted more than 500 lines, and the
strongest, which he marked by the letters 4 to H, could now be used as
precise marks for definite kinds of light. By measuring their indices of
refraction for each kind of glass he was able to compute exactly the
combination of lenses producing the most perfect achromatism. The
optical industry here made the transition from skilled craft to scientific
computation. The practical result, however, was not greater simplicity.
By his experiment Fraunhofer found that the refrangibility of the
different colours was not strictly proportional in the different kinds of
glass; hence it was not possible to bring together all colours exactly into
one focus; there remained small differences, producing the ‘secondary
spectrum’. Moreover, the theory of lens combinations was too compli-
cated and difficult to supply the best forms through mere computation.
Nevertheless, through a combination of practical intuition and theoreti-
cal knowledge, he succeeded in making excellent objectives for tele-
scopes, up to 24 cm. (9 inches) in diameter. These objectives produced
small, sharp, circular stellar images over the entire field of view, showing
not only the faintest stars as well as larger mirror telescopes do but
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also the most delicate details on the surface of the planets and the
moon.

Z.
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