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J. C. KAPTEYN AND THE EARLY TWENTIETH-CENTURY UNIVERSE

E. ROBERT PAUL, Dickinson College, Carlisle, Pennsylvania

Introduction

With only a few recent exceptions, scholarly literature in the history of
astronomy has generally emphasized planetary astronomy to the neglect of
developments in stellar astronomy.! Within the broad field of stellar astronomy,
the sub-discipline of ‘statistical astronomy’ has been among those areas that
have fallen victim to this tendency.? Yet this sub-discipline has been of great
importance, for during the first several decades of this century astronomers
generally believed that a statistical approach to analysing the aggregate of stars
would eventually lead to an accurate understanding of the architecture of the
stellar universe. Although William Herschel initiated this program in the late
eighteenth century, it was not until a century later that it began to achieve
promise with the work of two prominent astronomers, J. C. Kapteyn (1851-
1922) and Hugo von Seeliger (1849-1924). From about 1890 until roughly 1920,
Kapteyn and Seeliger shaped astronomers’ views of the stellar universe.

To understand the stellar universe through the use of statistical techniques,
referred to as the “sidereal problem” in much of the technical literature, was
considered the major research program of stellar astronomy during much of the
period considered here. It is the purpose of this paper to examine Kapteyn’s
contributions to this field of astronomy during the three decades prior to the
‘““astronomical revolution” of the 1920s. Kapteyn was motivated principally by
his life-long desire to understand how the stars were distributed and arranged in
space. Many of the methods he developed to investigate the complexities of the
Milky Way system have become fundamental. The techniques he used and the
provisional models of the stellar system he obtained provided astronomers with
tools and concepts needed to explore with increasing success the Milky Way
system. All of his efforts, including those directed towards his organization of
star catalogues, and his work in the field of international diplomacy, were
motivated by this one great, astronomical project. In what follows, we will focus
principally on two developments: (1) Kapteyn’s studies of systematic stellar
motions, and (2) his analysis of the sidereal problem.

Equally significant for the development of astronomy, Kapteyn’s interests in
the Milky Way directly shaped the contributions of several generations of his
students. Willem de Sitter, H. A. Weersman, Pieter van Rhijn, and through van
Rhijn, Jan Oort, Bart Bok and others, made fundamental advances in modern
astronomy. As Bok has recently reminisced in an oral interview for the
American Institute of Physics: “In astronomy, I think we [the Dutch] all derived
from Kapteyn. It all started with Kapteyn. Oort was Kapteyn’s student. I was
Oort’s student. I was van Rhijn’s student; van Rhijn was Kapteyn’s student.
Pannekoek was a great friend of Kapteyn’s. So the rise of Dutch astronomy was
entirely Kapteyn.”? But Kapteyn’s influence extended far beyond his native
Holland. Early in his career he collaborated with David Gill in the production
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of the Cape photographic Durchmusterung. After Kapteyn had become a close
colleague of George Ellery Hale and a Research Associate at the Mount Wilson
facilities in 1908, Hale, relying on Kapteyn’s advice, began employing a number
of Dutch and European astronomers, including Adriaan van Maanen, Arnold
Kohlschutter, van Rhijn, and Kapteyn’s Danish future son-in-law, Ejnar
Hertzsprung. More generally, Kapteyn’s astronomical colleagues world-wide
found his enthusiasm and penetrating insights infectious. Besides Gill and Hale,
those whose work he influenced included Arthur S. Eddington, Karl Schwarzs-
child, Frank Dyson, Edward C. Pickering, and Walter S. Adams.

Early Developments

In its most general form, the problem that Kapteyn, Seeliger, and their
colleagues attempted to solve was to find how the stars are distributed through
space as a function of absolute magnitude, spectral type, and distance from the
solar reference. In their studies of the architecture of the Milky Way system,
statistical astronomers had increasingly recognized the importance of three
fundamental relationships: (1) the luminosity function—describing the spread
of stellar brightness by magnitude class (and spectral type), (2) the density
function—expressing the absolute numbers of stars per unit volume, and (3) the
velocity function—a probability function yielding the actual numbers of stars as
a function of their space velocities and magnitudes.

Kapteyn’s attack on the sidereal problem focused directly on these three
relationships. His work, however, may be divided roughly into two periods, in
which he conceptualized the problem in somewhat different terms. Up until
about 1904, Kapteyn used primarily proper motion and parallax data for
understanding the arrangement of the stars in space. This early work culmi-
nated in his 1902 discovery of “‘star-streaming”, first publicly announced in
1904. The discovery of star-streaming, according to which stars appear to move
in two distinct and diametrically opposite directions, represented a sort of
watershed in his thinking. Not only did he confirm the existence of preferential
stellar motions within a dynamic Milky Way, a discovery Eddington later
considered one of the five most important events in astronomical history during
the preceding 100 years, but Kapteyn began to realize the inadequacy of stellar
motion studies alone to solve the sidereal problem. After this discovery he
emphasized stellar luminosity and density studies vis-a-vis the stellar velocity
relationship as a means towards unravelling the complex arrangement of the
stars in space. While the direction of his research shifted after the discovery of
star-streaming, however, his earlier motion studies still remained an ingredient
of his later luminosity and density work.

After graduating from Utrecht with a physics doctorate in 1875, Kapteyn
obtained a position as observer at the Leiden Observatory. Having been trained
mostly in the rarified atmosphere of mathematics and physics, Kapteyn
immediately set about learning the practical necessities of his newly adopted
profession. His abilities were soon recognized, and early in 1878 Kapteyn was
selected, from among four highly qualified candidates, to fill the newly
instituted chair of astronomy and theoretical mechanics at the University of
Groningen.* For his inaugural address to the University body, Kapteyn chose
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the topic “The parallax of the fixed stars”, which suggests that he already
regarded stellar distances as requisite knowledge for an understanding of the
sidereal problem. Recognizing early the importance of a broad-based set of
stellar data, Kapteyn eagerly studied the extant star catalogues; but even the
great Durchmusterung catalogues of Argelander and Schoenfeld were limited to
magnitudes and position, and so lacked the data on stellar motion that Kapteyn
believed so important.

Kapteyn also recognized that he neither possessed the financial resources nor
was located in the proper geographical climate to undertake successful observa-
tional studies. Yet if he was to explore the nature of the Milky Way, it would be
necessary to acquire massive amounts of the right kind of data. As it happened,
during this period David Gill, the director of the observatory at the Cape of
Good Hope and the current leader in practical astronomy, was attempting to fill
the hiatus created by Schoenfeld’s delimitation of the southern Bonner Durch-
musterung to —22° declination. Recognizing the importance of Gill’s work,
Kapteyn offered to help him measure the numerous photographic plates and
catalogue virtually countless stars. In this collaboration with Gill, Kapteyn
recognized a real opportunity for mutual benefit: Gill would provide the raw
observational data, and Kapteyn would reduce the material for Gill and, in
turn, use it in his investigation of the sidereal problem. In offering his assistance
to Gill, Kapteyn wrote in 1886: “I think my enthusiasm for the matter will be
equal to (say) six or seven years of such work.”s In the end, it took nearly
thirteen years of Kapteyn’s constant attention before the Cape photographic
Durchmusterung was completed in three volumes published between 1896 and
1900. Thus began Kapteyn’s international cooperation in astronomical re-
search. By the time the Cape project had gone to press, Kapteyn’s laboratory
had become institutionalized, and named the “Astronomical Laboratory at
Groningen™. Later, after Kapteyn’s 1906 “Plan of Selected Areas”, according
to which a number of observatories would coordinate their observational work
of selected stellar regions, had been adopted, Kapteyn’s astronomical labora-
tory provided worldwide the resources for reduction and analysis of the data.
His American colleague, Frederick H. Seares, later wrote that “Kapteyn
presented the unique figure of an astronomer without a telescope. More
accurately, all the telescopes of the world were his™.¢

Having acquired both extensive experience and the astronomical data, during
the 1890s Kapteyn produced the first of a series of papers on the nature of stellar
motion, all with the purpose of eventually solving the sidereal problem. Of
course, these studies were not developed within a vacuum, but relied on the
earlier work of numerous nineteenth-century astronomers. Briefly, an under-
standing of the arrangement of the stars in space had been a major problem
since the late eighteenth century when William Herschel enunciated his project,
the discovery of the “construction of the heavens”. A central, theoretical
concern was over the kind of data that could be used accurately to measure
stellar distances. In the absence of other methods, Herschel had suggested that
distance was proportional to stellar brightness by the principle that “faintness
means farness”. He built his cosmology on this principle, even though he was
aware, at least by the early years of the nineteenth century, of the contradiction
implied by the existence of binary and multiple star systems with members of
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different luminosities. This anomaly motivated many others throughout the
nineteenth century to seek an alternative and rigorously defensible measure of
stellar distances.

Knowledge of stellar motions had begun with Edmond Halley’s discovery in
1718 of the motion in latitude of three stars. In 1783, Herschel became the first
to use known proper motions to derive the ‘solar apex’, or direction towards
which the solar system is moving. By this time, some astronomers were
beginning to suspect that large proper motion was a more reliable guide to the
nearness of a star than apparent brightness, and this principle underlay the
campaign of Bessel to use the “flying star””, 61 Cygni, for the first successful
measurement of trigonometric parallax.” Later in the century astronomers such
as Friedrich Argelander and George Airy used Gauss’s least-squares techniques
to identify random fluctuations in stellar motions, and eventually concluded
that random irregularities were due, not to observational errors, but rather to
the peculiar or individual motions of stars relative to other stars.® They
recognized the systematic nature of proper motion data, and emphasized the
need to reduce the data to yield peculiar motions. As a result, during the last
half of the century there came into widespread use the assumption of random-
ness among the real motions of stars.

This assumption was coupled with the belief that proper motion data could
be used as a measure of stellar distances. Bessel’s measurement of the parallax
of 61 Cygni in 1838 was followed by other successes, and by the 1870s
astronomers, like the American T. H. Safford, were arguing that ‘““...the stars’
distances are inversely proportional upon the whole to their [the stars’] proper
motions”.? Many more stellar distances could be determined if proper motion
data could be used directly in this way, for proper motion data were available
relatively abundantly: for each known trigonometric parallax there were scores
of measured proper motions.

After 1875, the assumptions that stellar distances were inversely proportional
to proper motions and that stellar motions were random increasingly influenced
the direction of attack on the sidereal problem. This is not to suggest that there
was complete unanimity among astronomers. In particular, Maxwell Hall,
Hugo Gyldén, and Eduard Schoenfeld had independently proposed dynamical
models of the stellar system in which random stellar motions were rejected and
replaced by inter-stellar forces. Thus, in the words of Hall, “the Sun and stars
are ... subject to the same law of Force, and revolve in immense orbits round the
same centre”.! But non-dynamicists, such as Argelander, Airy, and Safford,
accepted the hypothesis of random motions applied to large groups of stars.!!

Though the dynamic models were perhaps intellectually more appealing, the
sheer immensity of the sidereal problem prevented them from providing a
conceptual basis needed to understand the arrangement of the stars in space. In
contrast, non-dynamicists increasingly found empirical evidence correlating
stellar motions with parallaxes. The publication in 1888 of Auwers’s new
reduction of Bradley’s star catalogue, which listed 3,200 reliable proper
motions, further stimulated these efforts. Nevertheless, prior to Kapteyn’s
studies of stellar motions during the 1890s, no one had succeeded convincingly
in relating a distance measure based on a few thousand proper motions to the
demands of the large survey catalogues, such as the Bonner Durchmusterung,
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containing hundreds of thousands of stars. A precise relationship between
proper motions, parallaxes, and apparent magnitudes, even if only statistically
based, might well be complex.

Although Kapteyn generally preferred to use the distances directly derived
from measured (trigonometric) parallaxes, he recognized that the solution of the
sidereal problem, even with improved photographic techniques, demanded a
much broader base than that allowed simply by the Earth’s orbit. His emphasis
on stellar motions was therefore motivated by both practical and theoretical
considerations. From a practical point of view, by correlating proper motions
with stellar parallaxes, the base of parallaxes could be extended on the ever-
increasing base line of the Sun’s motion through space. From a theoretical point
of view, for an understanding of the structure of the stellar system knowledge of
only the mean distances of groups of stars, rather than the actual distances of
individual stars, was necessary. To complicate matters further, Kapteyn and the
Irish astronomer W. H. S. Monck discovered independently in 1892 that there
was a direct correlation between proper motion and spectral type.!?

Drawing on these various developments, Kapteyn examined the proper
motions in Auwers’s catalogue and obtained a relationship correlating known
(trigonometric) parallaxes with proper motions and magnitudes. Generalizing
his results over large numbers of stars, he derived a statistical function that
expressed ‘mean’ distances. Published in 1901, the ‘mean parallax’ relationship
not only culminated years of careful analysis of stellar motion data, but also led
directly to Kapteyn’s luminosity function, which he obtained within a few
months. Thus his analysis yielded a method for determining distances to stars,
and it allowed him conceptually to recast his solution to the sidereal problem in
terms of the luminosity function, rather than the velocity function. While there
were some minor emendations to his results, it was widely believed that his
mean parallaxes were substantially correct. In terms of the contributions of
classical statistical astronomy, the ‘mean parallax’ formula has been exceeded in
importance only by the luminosity and density laws, and by a relationship called
the “fundamental equation of stellar statistics™.!3

Methodology and the Discovery of Star-Streaming

During the 1890s, Kapteyn’s investigations were based on the supposition that
stellar motions were the key to understanding the distribution of the stars. His
developments were later expressed in the so-called velocity law, which was
supposed to relate the velocities of stars to their brightnesses. This relationship,
Kapteyn argued, would not only provide an understanding of the stellar system,
but would also lead to the derivation of the density and luminosity laws. The
latter, it was hoped, would in turn lead to a detailed understanding of the Milky
Way system. In the final analysis, however, conclusive observational evidence
for his velocity relationship was entirely lacking. In the words of Eddington, of
all the numbers of the famous Groningen publications, a series forming ‘““one of
the most often consulted works in an astronomical library, No. 6—the one
which has never been written—is] perhaps the most famous of them all...”.4
How could an unwritten work be so significant?

Speaking before the Amsterdam Academy of Sciences in 1895, and again in
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1897, Kapteyn announced the creation of a mathematico-statistical theory
expressed in the form of integral equations that related star-counts, the density
function, and a Gaussian probability function of proper motions.!> A necessary
component of his theory was the standard nineteenth-century assumption that
stellar motions are randomly distributed. With his mathematician brother,
Willem Kapteyn, professor at the University of Utrecht, as co-author, the
complete discussion of his velocity equations was published in 1900 as no. 5 in
the Groningen publications. In the introduction he succinctly stated their
purpose:

In what follows, an attempt will be made to deduce from the obser-
vations, what, for the sake of brevity, I will call the law of velocities, i.e.,
the law by which is defined the number of stars having a linear velocity
equal to, double, triple, ..., half, a third, ...that of the solar system in space,
or shorter: the law by which the frequency of a linear velocity is given as a
function of its magnitude.

The fundamental hypothesis on which this derivation rests is the
following: ... The real motions of the stars are equally frequent in all
directions.'®

The observational evidence supporting the theory was earmarked for no. 6 of
the Groningen series. Though it represented the most up-to-date views of their
velocity law, the theory, in Eddington’s words, “turned out to be so wide of the
mark that not even the beginnings of a comparison [with the observational
evidence] could be made”.!” The reason for the discrepancy between theory and
observation was the invalidity of the fundamental hypothesis of random
motions. Although most nineteenth-century astronomers considered this
hypothesis as valid a priori, already in 1895 Hermann Kobold showed conclu-
sively that a random distribution did not represent the observed motions of
nearby stars in Auwers’s catalogue.’® Soon Kapteyn was to provide an
explanation of this startling fact in terms of preferential motions. Meanwhile,
the anomaly between theory and evidence represented a critical problem for
Kapteyn’s program, because such a basic discrepancy directly affected one of
his stated aims: the derivation of the density and luminosity laws from the
allegedly more fundamental velocity relationship.

Despite the importance of theory in directing Kapteyn’s research program, he
claimed to be an inductivist in his scientific methodology. By this he meant
primarily that one must always search for a greater data base, and that it was
from this, with a properly formed conceptual framework, that hidden relation-
ships would emerge. In reality, however, he organized the assembled data
according to preconceived ideas. His velocity theory is a good case in point.
Indeed, when it became clear that the evidence needed to support the theory was
not forthcoming, he proposed several hypotheses to explain the alleged discre-
pancy: (1) the apex value was incorrect, (2) the proper motion values were
incorrect, and (3) there were preferential stellar motions. Although he showed
theoretically that the first two explanations could account for the failure of his
theory, in the end he concluded that both the apex value and the proper motions
had been calculated correctly, and he was therefore forced to conclude that
stellar motions are not randomly distributed.!® Kapteyn’s failure to harmonize
observation with theory reaffirmed the anomalous nature of stellar motions,
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and put him onto the track that culminated in his discovery of the two
star-streams.

Kapteyn continually emphasized the need for data, data, and more data, thus
reaffirming his inductive proclivities that eventually led to his discovery. “My
studies”, wrote Kapteyn to Hale in September 1915, “have made of me more
and more of a statistician and for statistics we must have great masses of data,
of course”.? Kapteyn’s view of proper scientific methodology was to combine
both deductive and inductive approaches. Commenting on the importance of an
inductive (though non-Baconian) approach in his letter to Hale, Kapteyn
illustrated his point with his discovery of star-streaming:

I also believe ... that we neglect the ‘Art of discovery’ too much. My
impression is that we are still not sufficiently imbued with the sense of the
absolute necessity of proceeding by induction. Deduction sets in too soon
and too much is still expected from it. To illustrate what I mean take the
star-streams as an example. ...Schoenfeld was led, I think by analogy, to
consider the question: May there not be a rotating motion of the Milky
Way as a whole? He made the necessary computations, but found
practically nothing. Other men tried a rotating motion of all the stars in
orbit in the Milky Way, not necessarily all with the same period. Some, I
believe, tried to adhere to a common direction of motion.... Now all this
seems to me too much deductive. We began by making a wild guess,
deduce its consequences and see whether it agrees with the observations.
How long might we have guessed before we ... came to put the question:
Are there two star streams? I blundered along for a long time in the same
mistaken way, till one day I swore to go along as inductively as I could. I
made drawings showing at a glance the observed data for each point of the
sky. These showed very decided deviations from what was to be expected
according to existing theory [i.e., random motions]. Considering these
deviations as perturbations I tried to isolate these perturbations: I
superimposed all the drawings belonging to Zones in which, according to
existing theory, there ought to be equiformity and took averages. The
result was a figure pretty well in conformity with existing theory. This
drawing I then took to represent the undisturbed form and subtraction
from the individual figures then gave the isolated perturbations. These
showed at once a great regularity, which regularity was almost at once
seen to consist in a convergence of the lines of symmetry to a single point
of the sphere. From this to the recognition of 2 star streams “il n’y a qu’un
pas’.

Thus the inductive process led in a very short time to a result which
others, myself included, had tried in vain to bring out in a more deductive
way, for ever so long.2!

By 1902 Kapteyn had rejected his original velocity theory and had discovered
star-streaming. Finding that the stars tend to move in two distinct and
diametrically opposite directions, Kapteyn suggested that this phenomenon
resulted from two once distinct but now intermingled populations of stars
moving relative to one another.

Kapteyn first announced his new theory of stellar motions at the St Louis

© Science History Publications Ltd. ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1986JHA....17..155P

TO98BJHA © 2017 T1I55P!

r

162 E. Robert Paul

»X(Anlapex)

Fic. 1. P represents the distribution of the peculiar proper motions for a group of stars located at
S. The directions of motion are randomly distributed, while the length of each radial vector
represents the magnitude of motion. When the observer is in motion towards the apex, the
observed motions of stars as in P becomes Q. In R the radial vectors making angles
between 0° and —60° and between 60° and 180° have been blackened. (From J. C.
Kapteyn, “Star-streaming”, Report of the British Association for the Advancement of
Science, 1905, Section A, 257-65, p. 258.)

World Exhibition in 1904, and again, more importantly, at the 1905 meeting of
the British Association for the Advancement of Science in Cape Town (see
Figure 1). At both meetings, Kapteyn emphasized that not the “slightest doubt™
could be entertained concerning the reality of star-streaming. In fact, Kapteyn
declared emphatically, ““all the stars, without exception, belong to one of the
two streams’.22 His over-riding concern, at this point, was not to reaffirm the
phenomenon, but the necessity to confirm the theory, that there exist two
independent streams of stars passing through one another in opposite directions
with different mean motions relative to the Sun. In this regard, he suggested to
his BAAS colleagues that radial velocity observations might prove to be the
most convenient data by which to test the theory:

I suspect that the materials for a crucial test of the whole theory by means
of these radial velocities are even now on hand in the ledgers of American
astronomers—alas not yet in published form. It is this fact which long
restrained me from publishing anything about these systematic motions,
which, in the main, have been known to me for three years [since 1902].23

He had in mind the Lick Observatory staff in California and particularly W. W.
Campbell, who had been measuring radial velocities since about 1900 and
possessed the data needed to confirm Kapteyn’s hypothesis conclusively; but,
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unfortunately from Kapteyn’s point-of-view, Campbell was less interested in
verifying someone else’s hypothesis (such as ““star-streaming”) than in doing his
own original work. Accordingly, during a long tenure as Research Associate at
the Mount Wilson Observatory from 1908 until his death in 1922, Kapteyn
continually encouraged Hale and his associates there to further their radial
velocity work with the 60-inch and later the 100-inch telescopes, in part to
validate star-streaming.?

Kapteyn’s discovery greatly stimulated interest in ‘preferential’ stellar
motions. He himself participated relatively little in these later developments,
however, since star-streaming per se could not, in his view, add directly to a
detailed understanding of the architecture of the stellar system. Yet he remained
keenly aware of the newer work, particularly the theoretical explanations of
star-streaming offered by Karl Schwarzschild and Arthur S. Eddington. Occa-
sionally, later in his career, he would even describe the sidereal problem as “the
study of the arrangement of stars in space and their systematic motions.%

While his own active research in star-streaming was diminishing, Kapteyn’s
investigations into the peculiar, proper, and radial motions of stars continued
unabated.?¢ In this regard, his research took two directions: study of the
‘velocity law’, and of proper motions. While it is true that Kapteyn continued\o
work on a theory of the space velocities of stars, where the frequency of
velocities is a function of galactic latitude, magnitudes, spectra and proper
motions, he would write as late as 1915 that work “on the velocity-law has been
making hardly any progress”.?” His research interest in proper motions and
parallaxes, however, remained intense. After all, parallaxes and proper motions
were vital components of his theory of mean parallaxes, the basis to his
luminosity studies.?®

During the war years, Kapteyn and Hale exchanged many letters discussing
scientific method and proper approaches to scientific work. While Kapteyn’s
research was generally empirical, his approach often possessed a noticeable
mathematical flavour. Certainly he recognised that for many types of investi-
gations his inductive “method” was only partially useful. In his September 1915
letter to Hale, in which he explained how he had discovered star-streaming,
Kapteyn noted:

From the standpoint of a finished theory [of star-streaming], the [induc-
tive] method must be conceded to be very little rigorous. I have a notion
that it will be so in most cases. Therefore it has to be supplemented by a
deductive treatment of the problem: given that there are two streams,
show rigorously that the observations are well represented. I think that it
is on account of the mathematical rigor that the latter problem (the
deductive one) appeals to so many even of the very best men....?

Among the “very best men”, Kapteyn included Schwarzschild and Eddington,
both of whom were mathematically rigorous in their work on star-streaming.
Kapteyn concluded this letter to Hale by noting that “‘the inductive part of
the investigation, with all its defects, is incomparably the more important part
of research. The deductive problem can be solved by any well skilled mathema-
tician”. Here Kapteyn was confusing mathematical deduction with hypothesis
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formation and the deducing of tentative claims based on the assumptions and
principles of the relevant body of knowledge. On precisely this point, Hale
responded to Kapteyn’s “most interesting letter of September 23, and gently
corrected Kapteyn while attempting to convince him of the fundamental
significance of “framing hypotheses:

The account of your discovery of the two star streams is a splendid
illustration of the value of the inductive method, which doubtless serves
best in a large class of investigations. And yet I cannot help feeling that in
many other cases a combination of deduction and induction is more likely
to be successful. In fact, I constantly find myself instinctively framing
hypotheses as guides to research, ... and therefore endeavouring to
construct multiple hypotheses to account for obscure phenomenon. Each
hypothesis suggests the application of a series of criteria, and it usually
becomes possible to eliminate some of them very soon.... In my experi-
ence, therefore, deductive methods are almost invariably applied. Fre-
quently they are the merest guesses, without a substantial theoretical
basis. But each suggests experiments or tests which would hardly occur to
me otherwise, and thus almost any hypothesis may prove useful.3

Continuing, Hale showed that Kapteyn actually framed hypotheses, and in fact
had done so in both his star-streaming discovery and his research on stellar
velocities and movements:

Is it not true that you also employ deductive methods in many instances?
Sometimes they may enter only tacitly, but nevertheless play an important
part in your investigations. In fact, on a basis of pure induction your
imagination would have little opportunity to serve as a guide....Your new
result regarding the star streams is of the greatest interest and importance,
especially as it offers a much more satisfactory picture of the star system
than the separate streams afforded.... Is it even possible that you would
not have undertaken the investigation which led to the discovery of the
star streams if you had not been started in this direction by an (incorrect)
hypothesis?*!

For our purposes, it is perhaps most important to note that Kapteyn eventually
agreed with Hale that hypotheses are the essential guiding heuristics needed to
make sense of disparate phenomena. In response to Hale’s reply, Kapteyn
wrote: “After all I think that our difference is more a difference of degree. One
cannot pass from the observations to the laws underlying them, than by making
certain jumps, certain hypotheses and applying these to the observations in
hand, and modifying them till they fit.”’3?

Distribution of Stars

Frustrated in his hope of deriving the velocity law because of the phenomenon
of star-streaming, Kapteyn, while using his original data and his earlier work
with the mean-parallax relationship, increasingly turned his attention to a more
direct approach to understanding the structure of the sidereal universe. Using
the basic data he had worked with for so many years, Kapteyn eventually
obtained solutions for the luminosity and density functions, which describe,

© Science History Publications Ltd. ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1986JHA....17..155P

FIOBBJHA - 2017 “1I55P!

Kapteyn and the Universe 165

respectively, the spread of stellar brightness from the faintest stars (in absolute
magnitude) to the brightest, and the density distribution of stars in terms of
distances from the solar region. Thus, even though his efforts at detailing the
Milky Way were temporarily thwarted by the failure of his velocity theory, he
continued to use both the observational data and the results of his earlier work
in order to understand the larger sidereal system. Indeed, at the very end of his
career, he returned to these early efforts and developed a dynamical model of
the stellar system, in which he combined both his stellar motion studies and the
more fruitful results from his luminosity and density research.

In 1898, Kapteyn’s contemporary Hugo von Seeliger derived what the
Swedish astronomer C. V. L. Charlier later christened ‘“‘the fundamental
equation of stellar statistics”. Seelinger developed the mathematics and gener-
ally used the most current data available that would allow for a purely analytic
solution of the sidereal problem.** The ‘“fundamental equation”

A(m) = [ o(M) dM [ D(r) dr
related, in the form of integral equations, the following functions:

A(m): counts of stars given by magnitude class m,

¢(M):luminosity function with absolute magnitude M,

D(r): density function with distance r from the Sun.

In his early studies, Seeliger was forced to assume an arbitrary probability
function for the luminosity distribution, since one had not yet been empirically
obtained. Though the work was extremely tedious, counts of stars by magnitude
class were directly available. Using analytic forms for the star-counts and
luminosity function, Seeliger succeeded in solving his integral equations,
yielding the third, or density, function.’* Generally speaking, he left to others
the precise determination of the empirical form of the luminosity function.
Nevertheless, Seeliger’s fundamental equations provided the mathematical
description Kapteyn later needed to solve the sidereal problem once the
necessary data had become available.

While Seeliger was the first theoretical astronomer to provide a solution (in
1898) to the sidereal problem, his analysis was mathematically very abstract and
it was not based rigorously on all the available observational data. Kapteyn had
also been working on the sidereal problem, but he was in greater command of
all the empirical data, particularly proper motions and parallaxes. Both Seeliger
and Kapteyn recognized the essential importance of relating the star-counts, the
density distribution, and the luminosity functions; they further realized that an
accurate representation of the arrangement of the stars in space (D(r) in
Seeliger’s terms) would require an exact understanding of the luminosity
relationship. Kapteyn had already concluded during the 1890s that a precise
description of stellar distances could be determined from data obtained from
stellar motions and stellar brightnesses. By 1901 he had developed a numerical
technique for obtaining the luminosity function that related the magnitudes of
stars to their motions, and hence their mean distances. Kapteyn’s solution,
however, was more clearly comprehensible and far less abstract than Seeliger’s.
Partly for this reason, Kapteyn’s work became more widely known than the
highly original investigations of Seeliger.3’

Kapteyn’s procedure was first published in 1901 in his classic paper “On the
luminosity of the fixed stars”,% and all the subsequent analyses of the sidereal
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TABLE 1 (this and the following tables are from J. C. Kapteyn, “On the luminosity of the fixed
stars”, Groningen publications, no. 11 (1902), 3-32, pp. 8, 10, 11).

\ Mag. | 1.5—2.5(2.5—3.5 | 3.5--4 5 | 4.5—5.5 | 5.5—6.5 [ 6.5—7.5| 7.5—8.5 | 8.5—9.5
F.
Mea: 2.1 3.1 4.1 5.1 6.1 7.1 8.1 9.1
o’ .0oo—o0" 009 o”.005 6 5 22 90 343 1504 goro 38257
.0Io— .0Ig 015 4 15 52 194 638 1896 7313, 28184
.020— .029 .025 1 10 41 177 595 1910 5882 21225
.030— .039 .035 3 16 27 188 542 1910 4768 15809
.040—  .049 .045 3 12 27 93 461 1490 3877 120435
.050— .059 .055 5 13 22 86 357 1249 3342 9184
.060o— 069 .065 1 4 25 77 252 963 2540 6773
.070— .079 075 2 18 71 247 752 1827 4968
080~ .o08g 085 5 25 45 209 692 1337 3614
.090— .099 093 1 9 17 54 200 646 8oz 2409
.Too— .I49 12§ 5 10 57 152 424 963 1649 4373
.I150— .I99 .175 5 9 34 79 181 420 1070 2033
.200— ,299 .25 5 11 32 73 200 315 670 919
.300—  .399 .35 I 3 17 43 105 75 178 422
400—  .499 .45 5 1z 18 34 121 133 196
-500— .599 -55 1 3 8 7 24 38 53 6o
.6oo— .699 .65 2 2 7 5 24 32 36
.700— .799 .15 5 10 17 27 26
.8oo— .899 .85 1 3 2 12 13 16
0.900— 0.999 0.95 2 6 9 10
1,000— I.199 1.1 1 5 7.5 9 10
1,200— 1.399 1.3 3 2 5 12.0 9 7.6
1.400— 1.509 1.5 2 4.5 4.4 6.0
1.600— 1.799 1.7 1.5 44 1.5
1.800— 1.999 1.9 2 2 15 0.0 1.5
2.000— 2.999 2.5 1 6.0 8.9 6.0
3.000— 3.999 3.5 5 30 4.5 6.0
4.000— 4.999 4.5 2 L5 1) 3.0
5.000— 5.999 5.5 5 4.5
6.000— 6.999 6.5 l 1.5 ‘ 4.5
7.000— 7.999 75
Total 46 134 458 1476 4842 15042 | 44576 | 150 607

problem that he published during the remaining years of his life followed the
method outlined in this work. Briefly, his method entailed placing the catalo-
gued stars in cells corresponding to their apparent magnitude and probable
proper motion (see Table 1). (Only stars with Secchi spectral types I and II were
used, because these could be more easily derived from available star counts.)
Utilizing his ‘mean parallax’ formula, which expressed a dependency between
calculated parallaxes on the one hand, and apparent magnitudes and proper
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TABLE 2.
Limits of = f::,:ti‘szoi')ef Number,

0"00000 and 0"00100 0.001 o
oo100 ,, oo158 .004 2
oorg8 ,, 00251 .028 13
oo251 ,, 00398 .097 45
00398 ,, 00631 .209 96
00631 ,, 0100 275 127
oico ,, o158 .226 104
ors8 0251 .I16 54

o251 ,, 0398 .0358 16.5

0398 ., 0631 .0068 3.1

> 0'0631 .0009 0.4
1.000 461

motions on the other, Kapteyn next calculated the mean parallaxes correspond-
ing to each cell. The stars in each cell are not, however, all found at the same
parallax distance, but rather they are distributed about some mean as expressed
by the ‘mean parallax’ formula. Thus, for example, for the 461 stars with
p.m.=0".045 and app.mag.=6.1, the mean parallax is 0”.0102. These results
represent only mean parallaxes. In actuality the stars would be distributed
according to the laws of probability defined for purposes of analysis by some
Gaussian function. The exact shape of the Gaussian curve was derived from a
determination of the spread of 58 particular stars, with precisely known proper
motions, apparent magnitudes, and measured parallaxes. Using this computed
probability distribution, Kapteyn calculated the spread of parallaxes for the
stars within each cell. Thus, for example, the 461 stars are distributed about
their mean as shown in Table 2. The limiting characteristics of the distributed
stars correspond to spherical concentric shells about the Sun. The first shell
represents a distance of ten parsecs (Kapteyn’s unit distance); all subsequent
shells represent distances corresponding to an increase of one apparent magni-
tude. Since the stars in each cell are distributed across all shells, Kapteyn, after
deriving similar results for each cell of Table 1, produced a two-dimensional
table (see Table 3) in which the catalogued stars were distributed by magnitude
class and mean distances. The magnitudes were normalized by conversion to
their absolute magnitude by means of the magnitude-distance relationship. This
could directly yield the spread of magnitudes or luminosities (as total illuminat-
ing power) of all stars. Finally, Kapteyn reduced his tabular representation to
an analytic form.
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Others, such as Hugo Gyldén, G. V. Schiaparelli, and particularly Seeliger,
had noted the importance of using a Gaussian function to represent the
luminosities, but Kapteyn alone succeeded in actually deriving a workable, and
defensible, function. Kapteyn thus introduced the term ‘luminosity-curve’ into
astronomical parlance as ‘‘the curve which for every absolute magnitude gives
the number of stars per unit of volume”.3” Since his luminosity table expressed
distances from the Sun to the stars of various magnitudes, it was a simple matter
of dividing the numbers of stars within each shell by its volume to calculate the
relative density. Thus as a by-product, Kapteyn’s procedure also yielded the
density of stars in the local solar neighbourhood. Since only stars brighter than
magnitude 9.5 were used, the density relationship was tentative at best.
Nevertheless, a first, provisional solution was now available.

Statistical Astronomy c. 1900

During most of the two decades preceding Shapley’s work and with it the
emergence of the ‘new’ astronomy of the 1920s, statistical astronomers gener-
ally believed that the density and luminosity laws alone would be sufficient for
understanding fully the arrangement of the stars in space. When Kapteyn’s
luminosity paper appeared in 1901, the possibilities inherent in a rigorous
approach to statistical investigations were immediately improved. This was
more the beginning, however, than the end. Kapteyn himself considered his
1901 paper as providing only a first approximation to the sidereal question, a
problem which, in his opinion, “must be solved by successive approximations™.
Indeed, the 1901 solution only considered the density distribution as a distance
from the solar neighbourhood, entirely ignoring both galactic latitude and
longitude.

It has frequently been observed that the significance of a research program
lies not so much in the number of questions that are answered, as in the number
of areas for additional research that are opened up as a result of the work. As a
“first attempt” at the solution to the sidereal problem, Kapteyn’s study of the
general luminosity function in fact made several critical assumptions that in
following years opened extremely fruitful research areas for statistical astro-
nomers by defining key problems. His 1901 work had assumed: (1) negligible
light absorption; (2) a Sun-centred stellar system; (3) a luminosity curve uniform
throughout the entire stellar system (i.e., independent of distance and direction
from the Sun); (4) a luminosity curve distributed according to Secchi’s type I
and II stellar spectra; (5) a density relationship independent of galactic
longitude and latitude; and (6) true parallaxes of stars distributed about their
mean in a Gaussian symmetric form.

The question of the transparency of space had been discussed by many
nineteenth-century astronomers, including William Herschel, W. Olbers, F. G.
W. Struve, and Kapteyn’s contemporary Seeliger. Kapteyn recognized that the
existence of an interstellar absorbing medium could seriously alter the form of
the luminosity curve and thus fundamentally change the parameters describing
his stellar system. During his vacation months from 1908 until the outbreak of
the First World War, while Kapteyn held a Research Associate position at
Mount Wilson, he himself remained actively involved in this research, and he
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encouraged others on the Mount Wilson staff to study the problem. By 1915,
Kapteyn had submitted three papers dealing with it.

Between the time of his earlier star-streaming work and 1915, Kapteyn’s view
on the question of absorption changed enormously. He and others began to
realize that the problem involved not only general spatial absorption, but also
selective absorption (dependency on wavelength), ‘scattering in space’ of stellar
light, and photographic film absorption. During most of his early work on the
sidereal problem, Kapteyn had made the (reasonable) assumption that stellar
absorption was negligible, for without additional empirical justification any
other assumption would have been entirely ad hoc. Under this assumption, his
derived density distribution function gave him a maximum value in the solar
region, justifying a Sun-centred model. The question, of course, was whether in
fact the density distribution was real or merely apparent. And the answer to this
question depended in large measure on the existence of interstellar absorption.®

Kapteyn’s interest in the absorption question was heightened when G. C.
Comstock examined the problem in a somewhat superficial analysis published
in 1904, using techniques and data derived from Kapteyn’s 1901 work.
Comstock used the outmoded assumption of equal intrinsic stellar brightness,
which, when coupled with Kapteyn’s results for stellar distances, led him to
assert an absorbing coefficient of 17mag/kpc. Kapteyn was quick to point out
that Comstock’s results led to entirely erroneous density distributions within as
little as one kiloparsec of the Sun. But, spurred on by Comstock’s work,
Kapteyn analysed the general absorption question, and found that, for various
absorption coefficient values, a nearly constant stellar density distribution could
be obtained with an absorption of only 1.6mag/kpc. This result had the
advantage that it rationalized away a Sun-centred cosmology, implying a
‘uniform’ universe without a recognizable centre.’®

His 1904 results were tentative at best, and Kapteyn admitted as much. Other
methods, therefore, would have to be utilized. Since reliable, empirical results
remained scanty, within the next few years a critical assessment of instruments
and techniques led Kapteyn and others again to question their absorption
coefficient results. Writing to the Mount Wilson astronomer Harold D.
Babcock early in 1909, Kapteyn suggested:

As the silver grain of the film must cause at least some scattering of light, it
seems almost necessary, that the transmitted light must be somewhat
reddish—on the same ground on which the scattering in space must give a
reddish colour to the stars. If so, then the effect must be much diminished
and may even be reversed.... If you had hundreds of bright and faint stars,
you could even probably determine from your plates, both the amount of
space—and of film—absorption.4

He therefore proposed to search for reddening of light caused by a scattering
dependent on wavelength. Since the eye is less sensitive to blue light than is a
photographic plate, Kapteyn suggested comparing the magnitudes of stars
obtained visually with those obtained photographically. The result revealed an
absorption of 0.3mag/kpc.4!

Kapteyn was not able to return to serious research into absorption until his
summer tenure at Mount Wilson in 1913. Though his results during these few
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summer months were preliminary, Kapteyn predicted that researchers would
find significant general absorption, and not primarily selective absorption
owing to interstellar material. Walter S. Adams, a leading spectroscopist and
second-in-command at Mount Wilson, and Frederick H. Seares, also a perma-
nent staff observer at Mount Wilson, continued to study the general spatial
absorption predicted by Kapteyn, and soon obtained encouraging results. As
Hale wrote to Kapteyn: “With the new material now available I hope you will
be in a position to complete your paper on the general question of space
absorption, as the ‘psychological moment’ for its publication seems to have
arrived.”# It soon became clear to both Hale and Kapteyn, however, that the
‘psychological moment’ for discussing general absorption had, contrariwise, not
yet arrived. Replying to Hale’s letter, Kapteyn emphasized the importance of
wavelength-dependent absorption vis-a-vis general absorption: “I feel quite
elated about the turn that the absorption of space work is taking, in particular if
it really turns out that there is an influence on the hydrogen [spectral] lines. It is
almost too beautiful to be true.”#* The most spectacular result to emerge from
the work of the Mount Wilson astronomers indicated that, regardless of
whether there exists interstellar absorption or not, there is an empirically
verified absorption of starlight in passing through interstellar material. Writing
to Kapteyn in May 1914, Hale summarized the current position of the Mount
Wilson research: “It does not now seem probable that the hydrogen absorption
occurs in space, as the lines appear to be displaced equally with other stellar
lines. This ... indicates that the star itself is responsible for the changes of
relative intensity.””4

While Kapteyn continued slowly to relinquish his earlier view of substantial
spatial absorption, he still hoped conclusive evidence would eventually appear.
In writing to Hale earlier in 1914, Kapteyn remarked: “If we could but find
some lines ... altogether due to gaseous matter in space! It should mean I think
almost a revelation in astronomy.”’#* Unfortunately, this was to remain an
elusive quest for another decade, when empirical evidence of line absorption
was at last discovered. The definitive work on general absorption was done by
Robert Trumpler in 1929-30. Until then, other approaches to the various
absorption questions were tried, and astronomers at Mount Wilson remained
intensely interested in the question.

Harlow Shapley obtained an appointment from Hale as an assistant at the
Mount Wilson Solar Observatory just prior to receiving his Ph.D. from
Princeton in 1913.4 Soon after Shapley arrived at the Pasadena facilities in
the spring of 1914, Hale set him the task of investigating globular clusters. After
carrying out extensive studies of the stars in many of the clusters, Shapley
concluded that the clusters must be between 10 and 100 kiloparsecs from the
solar region. At these distances, if interstellar absorption existed, even in the
small amounts proposed by Kapteyn, then all the cluster stars should be
reddened. In fact, the colours of stars ranged from red to blue, hardly an
encouraging result for Kapteyn’s program. Interstellar space, concluded Shap-
ley, must be transparent: Kapteyn’s earlier value “must be from ten to a
hundred times too large ... and the absorption in our immediate region of the
stellar system must be entirely negligible’’.#” By late 1915, Kapteyn personally
wrote to Shapley acknowledging the latter’s cluster results as both “fine and
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surprising”. But Kapteyn also expressed his disappointment that an empirically
verifiable interstellar absorption had not yet been obtained.*3

Lacking a plausible alternative, statistical astronomers had generally
assumed that the solar system was centrally located in the universe. To be sure,
the nature of this assertion made many feel increasingly uneasy; yet, as a
working hypothesis, it was simple and reasonably defensible. As we have
indicated, by 1915 studies had confirmed the absence of an absorbing medium,
and the results supported a maximum density distribution within the immediate
solar neighbourhood. In the September 1915 letter to Hale quoted earlier, in
which Kapteyn discoursed on method and on star-streaming, he had concluded
that the direction and velocity of the star-streams also gave credence to the
privileged solar position:

...the stream velocity increases with decreasing distance from the sun.
The result seems to me to be well established.

One of the somewhat startling consequences is, that we have to admit
that our solar system must be in or near the centre of the universe, or at
least to some local centre.

Twenty years ago this would have made me very sceptical ... Now it is
not so. — Seeliger, Schwarzschild, Eddington and myself have found that
the number of stars is greater near the sun. I have sometimes felt uneasy in
my mind about this result, because in its derivation the consideration of
the scattering of light in space has been neglected. Still it appears more and
more that the scattering must be too small, and also somewhat different in
character from what would explain the change in apparent density. The
change is therefore pretty surely real. Here then we have another, really
very strong indication that the position of our solar system is nearly
central ¥

His letter to Hale only confirmed privately what he had, for all intents and
purposes, already committed himself to publicly as early as 1901: that the local
solar neighbourhood seemed centrally located within the larger sidereal system.
While he included the usual qualification that the density distribution remained
provisional, even his 1908 solution of the sidereal problem confirmed the earlier
general solution (1901) of a Sun-centred stellar system. As Kapteyn expressed it
to Hale in 1908: “I am just now head over ears working out the problem of the
thinning out of the stars as we recede from the solar system. In [Groningen]
Publ. 11 I think I have arrived at what I consider a fairly trustworthy
determination of the luminosity ‘curve’, but, as mentioned there, the law of the
densities here derived could only be considered as a very provisional and rough
one.””* Following the results of 1901, Kapteyn’s 1908 work had also been on the
basis of negligible absorption.

It could be assumed that all regions of space, regardless of galactic position or
distance from the Sun, exhibit precisely the same distribution of luminosities
within the same unit volume. Kapteyn’s third assumption, that “the luminosity-
curve is the same for different distances from the sun”, was therefore theoreti-
cally independent of the question of interstellar absorption.’! However, since
the derivation of his luminosity function required empirical knowledge of
parallaxes and proper motions, as well as of stellar luminosities, the function
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could actually be determined only for the local solar neighbourhood.

While Kapteyn devoted a considerable part of his time to analysing the
luminosity function, the precise shape of the luminosity curve continued to
remain a difficult problem. Nevertheless, he hoped additional data could be
obtained that would, in particular, yield more accurate information for stars of
increasingly fainter magnitudes. Already as early as 1909, for example, he
argued vehemently on theoretical and practical grounds for the construction of
the 100-inch telescope needed for solution of the sidereal problem:

[E]very inch of aperture gained promises a great advance in astronomical
possibilities.... For if we can determine both the frequency law [luminosity
law] and the absorption of space, the determination of the real arrange-
ment of stars in space very probably will not present any very serious
obstacles.>?

Kapteyn had already noted the importance of spectral type in his 1901 studies of
the stellar system. But the revolutionizing developments in spectral classifica-
tion by A. J. Cannon, H. N. Russell, and Hertzsprung early in the century,
encouraged Kapteyn to emphasize the importance of detailed spectral studies.
Writing to Adams in 1912 concerning the crucial importance of the 100-inch
telescope, Kapteyn noted:

Now that we begin to know something of the luminosity curve of stars
of one particular class of spectrum—I have already derived such a curve
for the Helium stars and will shortly try to do so for the A stars....

Before we can really ... attack the question of the arrangement of stars
separately for the different spectra, such a knowledge [of the colours]
seems absolutely necessary.

In my mind, the most important problem in sidereal astronomy would
be: the study of the arrangement of stars in space (including star streams)
separately for stars of different spectral type....5

Writing to Hale a few years later, Kapteyn outlined the research he and others
were undertaking concerning this critical question. “[W]e can find the distribu-
tions in space of nearly all the Helium stars [and] ... there is a gradual transition
in every direction from the Helium stars to the other types.... All this finished I
will have to come to the A stars, which in the main I find to behave like the
Helium stars. If I finish them too I think I may hope to solve the many riddles
that remain for the rest.”**

Stars are distributed not only by spectral type, but also by galactic position.
Though the Herschels, Struve, and many others had noted the dependency of
the number of stars (stellar density) on galactic latitude, it was Seeliger who, in
the 1880s, first rigorously demonstrated this fact.’> In later studies Kapteyn
recognized Seeliger’s work on this point, and noted that the luminosity curve,
being a distribution function and not an absolute measure, is independent of
both galactic longitude and latitude. On the other hand, the density function is,
in the final analysis, an absolute measure of the numbers of stars per unit
volume of space. Therefore, it would depend not only on the distance from the
solar region (assuming the stellar system is Sun-centred), but also on galactic
longitude and latitude. But a dependence relationship between density and
galactic longitude was not rigorously confirmed until 1917, and so it had little
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effect on these early developments.’6 After 1918, with the emergence of
Shapley’s cosmology, and its increasing acceptance by astronomers after 1920,
the question of the relation of density distribution to longitude no longer
remained of immediate importance.

Finally, while Kapteyn remained sensitive to the validity of the dispersion of
the measured parallaxes about their mean, he continued to assert the reliability
of his earlier results. In 1920 he summed up his views on this question when he
wrote, in his classic paper on the so-called “Kapteyn Universe’’: “It has been
shown in G.P. 11 [1901] that widely differing assumptions as to the dispersion
law lead to results that differ but little.... Therefore, we have not deemed it
necessary to derive this law anew, but have adopted the one found and
tabulated in G.P. 8 [1901].”57 This was an important point since the dispersion
determines the parameters of the mean-parallax formula.

Kapteyn’s Universe

During the first decade of the twentieth century, there emerged three major
centres for classical statistical astronomy: Groningen, with Kapteyn, Pieter van
Rhijn and their Dutch students; Munich, with Seeliger and his ‘school’,
including most notably Karl Schwarzschild and Hans Kienle; and Lund, with
Charlier and his Swedish students. In England, Eddington and Frank Dyson
also made notable contributions. With the gradual acceptance of relativity,
however, and after Eddington published in 1914 a masterly summary of
(statistical) astronomy in his Stellar movements and the structure of the universe,
the leaders of astronomy in England ploughed new and fertile ground. Mostly it
was left to the founders of statistical astronomy, the Dutch, the Germans, and
later the Swedes, to refine the empirical support needed to explore the questions
and investigate the mathematico-statistical basis of the sidereal problem.

Kapteyn’s entire career was dominated—‘obsessed’ would be a better word—
by his quest for a solution to the sidereal problem. He was directly involved in
numerous mammoth projects for the collection of raw data, such as Gill’s Cape
survey, his own Plan, and later Pickering’s photographic survey of the northern
hemisphere.’® His private correspondence, more so than his published work,
indicates that he almost despaired of securing the data necessary to realize his
goals. We could cite many examples from his letters, but one, written to Hale,
will suffice: “In the study of the general system, however, we are still so little
advanced and the data are so scanty that there are mostly not even sufficient for
drawing up a good program.”® This letter was written in 1918! Kapteyn was 67
years old, and had been searching for nearly forty years, ever since he gave his
inaugural address to the University of Groningen in 1878.

His desire for a definitive solution of the sidereal problem was so compelling
that he continued to be directly involved in data reduction and analysis, in order
to obtain the needed empirical material. Indeed, the vast bulk of his pro-
fessional time was actually spent doing this sort of measuring work. Gill, Hale,
Adams, and many others continually cautioned Kapteyn, however, that his
talents would be better used if he would focus on synthesis and remove himself
from “mere’ cataloguing. As Hale expressed it in 1912:

[A] man of your ability ought not to be compelled to devote time and

© Science History Publications Ltd. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1986JHA....17..155P

FIOBBJHA - 2017 “1I55P!

Kapteyn and the Universe 175

attention to such a piece of routine [as measuring and data reduction]. The
more opportunity you have for thought on the larger phases of astronomi-
cal work, the more will astronomy benefit through the extraordinary
range of your imaginative power. Routine work may not do you any
harm, but it will certainly prevent you from dwelling on the larger
theoretical aspects of the subject, and insofar as it does this it will
handicap you.®

By about 1915, in fact, Kapteyn was increasingly turning his attention to these
larger concerns. But he preferred to rely on the older, tried and true methods
that had served him well for so many years. The time had finally arrived, he was
convinced, for the “grand synthesis™.

By this time, the basic concerns of statistical astronomy, as understood by
Kapteyn, Seeliger, Charlier, and the main-line of research, had been further
refined, and were focused on the following problems: (1) the relationship
between spectral type and stellar distribution; (2) the relation between mean
parallax, proper motions, and apparent magnitudes; (3) the nature of the
velocity law and star-streaming in general; (4) the analytical form of the star-
count function, including particularly its maximum magnitude value; (5) the
relation between stellar distribution and galactic latitude and longitude; (6) the
mathematical form of the luminosity function, and the absolute magnitude at
which it obtains a maximum; and (7) the analytic form of the density law. As far
as Dutch astronomy was concerned, provisional answers to many of these
questions came together conceptually in Kapteyn’s last papers, published
between 1920 and 1922. In 1917, with the assistance of his colleague van Rhijn,
Kapteyn had begun his final onslaught on the sidereal problem. Before his death
in July 1922, he would obtain some plausible results.

Throughout his entire career, Kapteyn always recognized the absolute
necessity of reliable data of the right sort, if even a provisional solution was to
be achieved. Of course, the quality and accuracy of the empirical data had
increased immeasurably since publication of his first stellar theory. Whereas in
1901 reliable data were available only for stars brighter than sixth magnitude,
by the late ’teens the data had been extended to the twelfth magnitude, and
began to fail altogether only beyond the fourteenth. In their now classic
monograph on the stellar universe, in which they detailed their new theory,
Kapteyn and van Rhijn noted:

Now that, after so many years of preparation, our data seem at last to be
sufficient for the purpose ... of making possible an elaborate treatment of
the arrangement of the stars in space, ... we have been unable to restrain
our curiosity and have resolved to carry through completely a small part
of the work.¢!

Using Kapteyn’s tabular method (1901), they derived from the newer data both
the density law and the luminosity curve. The latter ranged over no fewer than
eighteen magnitudes, and gave an approximation to the luminosities that was
“astonishingly close”. From their tabular results, the authors derived an
analytic form for the new luminosity curve. Not only did the curve as a whole
approximate to the empirical data, but most significantly, in their view, both the
maximum of the curve and its dispersion matched recently obtained data
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FiG. 2. Kapteyn’s 1920 stellar system. The curves represent lines of equal density distribution
perpendicular to the plane 4B of the Galaxy. The numbers 0, 30, 60 and 90 represent
galactic latitudes in degrees. Density numbers are relative, with the density of the Sun
(assumed to be at the centre) taken as unity. (From J. C. Kapteyn and P. van Rhijn, “On
the distribution of the stars in space especially in the high galactic latitudes”, Astrophysical
Journal, lii (1920), 23-38, p. 37.)

extremely well. Thus it was not necessary, as it had been in 1901, to extrapolate
the curve in order to find the position of the Gaussian maximum. These results
they labelled the “first solution™ of their grand synthesis.

Although the luminosity curve was derived only for the region within a local
solar neighbourhood of radius 630 parsecs, within which it was assumed to be
absolutely valid, it was obviously necessary to assume its universal applicability
in order to deal with the entire stellar universe. Beyond 630 parsecs the paucity
of directly observed data, such as parallaxes and proper motions, compelled a
different approach. Here Kapteyn and van Rhijn employed Schwarzschild’s
version of the “fundamental equation of stellar statistics”, in which Schwarzs-
child accounted for both the luminosity curve and the star-count function using
second-order approximations. Kapteyn and van Rhijn’s work also yielded
nearly identical second-order results. Since their solutions were in accord with
the mathematical work of Seeliger and Schwarzschild, Kapteyn and van Rhijn
felt confident that the new density law correctly described the actual state of
affairs beyond the local solar region. The Seeliger-Schwarzschild mathematics
was particularly useful at those distances for which neither the luminosity nor
the density functions could be derived using Kapteyn’s tabular, or numerical,
approach of 1901. Since the star-counts were empirically known and the
luminosity curve now derived anew, the “fundamental equation” analytically
yielded the density function.s? Triumphantly they concluded that with “asto-
nishing approximation” their results confirmed the mathematical results of
Schwarzschild: ‘“[T]his must give a first insight into the arrangement of the stars
of the whole stellar system in space.”’®® For purposes of their discussion, the
derivation beyond 630 parsecs they called the “second solution™.

By combining both the first and the second solutions, Kapteyn and van Rhijn
described their most comprehensive model of the stellar universe (see Figure 2).
For distances within 100 parsecs the second solution gave unacceptable values,
while the first solution gave values in accord with empirical observations.
Between 100 and 630 parsecs the two solutions agreed surprisingly well and,
consequently, the mean of the two was chosen. Beyond 630 parsecs only the
second solution was valid. In the 1920 paper, they described a transparent,
ellipsoidal stellar system in which star density at low galactic latitudes dimi-
nishes in all directions with increasing distance from the Sun-centred system.
Overall the dimensions of the system were 2,400 parsecs toward the galactic
poles and 18,000 parsecs in the galactic plane. At 600 parsecs star-density was
about 60% of that near the Sun; at 1,600 parsecs about 20%; at 4,000 parsecs
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“First attempt at a theory of the arrangement and motion of the sidereal system”,
Astrophysical journal, Iv (1922), 302-28, p. 304.)

only 5%; and at its perimeter, about 9,000 parsecs from the Sun, star-density
was less than 1 percent of the solar region. At high galactic latitudes, Kapteyn’s
results closely represented the observational data. While Kapteyn and van
Rhijn still admitted their solution to be no more than “provisional”, many
others considered their results nearly complete. Additional empirical data
would refine only details, and not their general results. R. J. Trumpler and H. F.
Weaver in their fundamental book Statistical astronomy (1953) were to hail
Kapteyn’s 1920 theory of the stellar system as “the final achievement of a
lifetime of masterly statistical investigations™ .

As his 1920 system was nearly Sun-centred, Kapteyn was not willing to
relinquish the heliocentric assertion readily, despite increasingly stronger evi-
dence from the research of others. The major studies to the contrary came from
his nemesis Shapley, who until recently had also been on the Mount Wilson
staff. Kapteyn had earlier written Shapley that because the Milky Way
appeared to be similar in all directions, he could not accept Shapley’s assertion
of an eccentric position for the Sun.® It was not only Shapley’s rejection of the
idea of a Sun-centred system that disturbed Kapteyn, but also Shapley’s
challenge to the reality of Kapteyn’s luminosity curves:

I was much interested in this ‘second approximation’ [1920]. There are
many points I would be glad to discuss with you, particularly the matter of
symmetrical luminosity curves. I cannot convince myself that they exist
except as the reflection of the combination of many diverse factors.56

Between 1920 and Kapteyn’s death in 1922, there was a protracted conflict,
often face-to-face and certainly ‘fact’-for-‘fact’, between Kapteyn’s smaller Sun-
centred universe and Shapley’s much larger eccentric system. The result of their
dispute was the virtual demise of Kapteyn’s life-long program, and the
increasing acceptance of Shapley’s “Big Galaxy”, as Shapley liked to call it.s’
Kapteyn’s 1920 model was the culmination of his life’s work on the sidereal
problem. All the solutions he had provided since his earliest 1901 paper, had
followed the same general approach. This model, like the others that had
preceded it, is entirely static, and it does not account for large-scale motion of
the stars, as represented in his important discovery of star-streaming. Perhaps
somewhat anti-climactically, Kapteyn developed in 1922 a dynamical theory of
the stellar system, in which he attempted to explain stellar motions in terms of
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gravitational forces, in the context of his earlier static, density distribution
system. In order to account for the shape of his (1920) galactic system through
dynamical considerations, Kapteyn assumed that within the plane of the stellar
system there is a general rotation about the polar axis, with the two star-streams
accounting for the motion. Centrifugal forces plus random motions were
balanced by the gravitational field. The flattening of the system was accounted
for by a sufficient velocity of rotation. Since the two star-streams interpenetrate
at a relative velocity of 40 km/sec, the Sun, suggested Kapteyn, must be about
650 parsecs from the centre of the system in order to account for a linear
velocity of 20 km/sec. As regards his earlier Sun-centred system, Kapteyn now
concluded that “it seems infinitely improbable that the sun is at the center”. In
this way, as a minor and perhaps even symbolic concession to Shapley, Kapteyn
placed the Sun asymmetrically within his new system (see Figure 3).68

Combined, Kapteyn’s 1920/22 theory of the stellar system came to be known
as the “Kapteyn Universe™, a term coined by James Jeans, the brilliant English
mathematician-turned-astrophysicist.® In actuality, however, the 1920 model
represented Kapteyn’s lifetime achievements in dealing with the sidereal prob-
lem, while the 1922 theory was a provisional attempt to relate Kapteyn’s (1920)
model of the distribution of the stars with his earlier discovery of star-
streaming.

Conclusion

Obviously, Kapteyn was not solely responsible for the emergence of statistical
astronomy prior to the ‘new’ astronomy of the 1920s; his contemporary Hugo
von Seeliger must be given shared credit for establishing statistical astronomy as
a major research field. After the pioneering studies of Kapteyn and Seeliger
between 1880 and 1910, others, particularly van Rhijn, Schwarzschild, Edd-
ington and Charlier, began to make significant contributions as well. But
Kapteyn, and to a lesser degree Seeliger, continued as leaders in what promised
to become an extremely fruitful research field. From the beginning of his
statistical studies in the 1890s until the early 1920s, Kapteyn defined and
clarified many of the major research problems dominating statistical
astronomy.

Not only were problems of substance explored, but new methods were
developed, all of which provided grist for the mills of the numerous statistical
astronomers. Accordingly, after about 1900 research in statistical astronomy
was further characterized by investigations of the correct analytical form of the
various relationships, particularly the laws of density and luminosity, in
addition to that of velocity, but also the mean-parallax and star-count func-
tions. In this work, they were utterly convinced that an understanding of these
relationships would yield universal laws; not just statistical relationships, but
laws of nature. After the derivation of the luminosity function in 1920, Kapteyn
expressed it this way: “It is difficult to avoid the conclusion that we have here to
do with a law of nature, a law which plays a dominant part in the most diverse
natural phenomena.”””?

As to Kapteyn, not only was he a gifted scientist, but he managed, as nearly
all leaders do, to stimulate international cooperation. We have briefly noted
Kapteyn’s involvement with Gill’s Cape photographic Durchmusterung, and his

© Science History Publications Ltd. * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1986JHA....17..155P

FIOBBJHA - 2017 “1I55P!

Kapteyn and the Universe 179

“Plan of Selected Areas’ was perhaps the first truly multi-national astronomical
effort. His long association with numerous astronomers, and particularly with
the Mount Wilson Observatory, only further highlights Kapteyn’s abilities to
achieve great success with limited resources. Perhaps the clearest statement of
Kapteyn’s status in the astronomical community came shortly after Kapteyn
received the Bruce Medal from the Astronomical Society of the Pacific in 1913.
Referring to Kapteyn’s stellar studies, George Ellery Hale wrote: ““You must
not suppose for a moment that there was any mistake made in awarding you the
Bruce Medal. In my opinion, no astronomical work of the past generation has
been more significant or important than your own, and it is a compliment to the
other men who have received the Medal to claim them with you.””!
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