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Úvod

Introduction

Sborník příspěvků z mezinárodního sympozia Mysterium Cosmographicum vychází jako druhý
svazek obnovené série periodika
Acta historiae rerum naturalium
necnon technicarum. O uspořádání sympozia se zasloužil velkou
měrou profesor

This volume of contributions from
the
International
Symposium
Mysterium Cosmographicum is
being issued as the second volume
of the renewed periodical series

Vladimír Vanýsek (1926-1997)
jehož zásluh a památky bych chtěl
na tomto místě vzpomenout.
Profesor Vanýsek byl jedním
z předních českých astronomů
moderní doby, dlouholetým ředitelem Ústavu astronomie a astrofyziky Univerzity Karlovy, vicepresidentem Mezinárodní astronomické unie a předsedou jejích komisí, profesorem University Erlangen-Nürnberg a ředitelem hvězdárny v Bamberku.
Byl vydavatelem mezinárodního
astronomického časopisu Earth,
Moon and Planets vycházejícího
v nakladatelství Kluwer Academic Publishers, a členem redakčních rad řady dalších mezinárodních časopisů. Byl rovněž členem
Royal astronomical Society, Astronomische Gesellschaft a European Physical Society. Byl člověkem nesmírně vzdělaným, s ši-

Acta historiae rerum naturalium
necnon technicarum. The bulk of
the work of organizing the symposium was carried out by
Professor

Vladimír Vanýsek (1926-1997)
whose merits and whose memory I would like to commemorate
here.
Professor Vanýsek was one of the
leading Czech astronomers of our
time. For many years he was
the Director of the Institute of
Astronomy and Astrophysics at
Charles University; he was the
Vice-president of the International Astronomical Union and the
chairman of its commissions, a
Professor at University Erlangen
-Nuremberg, and Director of the
Bamberg Observatory. He was the
publisher of the international astronomical journal Earth, Moon
and Planets , published by Kluwer Academic Publishers, and a
member of the editorial boards of
a number of other international
journals. He was also a member of
the Royal Astronomical Society,
Astronomische Gesellschaft and
the European Physical Society.
He was a man with an immense
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rokým rozhledem nejen po svém
vlastním oboru, ale se zájmy filozofickými, historickými, obecně
kulturními, častým návštěvníkem
koncertů a především učitelem několika generací českých i zahraničních astronomů.

education, with a broad overview
of not only his own field, but
with interests in philosophy, history, and culture in general. He
was a regular concert-goer, and
above all he was the teacher of
several generations of Czech and
foreign astronomers.

Jeho zájem o historii vědy byl příkladný a neomezoval se jen na historii astronomie. Je charakteristické, že za své vědecké výsledky
se mu Mezinárodní astronomickou
unií dostalo té pocty, že v únoru
roku 1995 byla planetka 6424 pojmenována jeho jménem. Připravoval se na zredigování materiálů
z našeho sympozia, když měsíc po
něm byl stižen prvými potížemi,
jež předznamenaly téměř rok trvající nevyléčitelnou chorobu, jejíž diagnózu znal a statečně ji nesl
až do konce. Příspěvky ze sympozia však už nestačil zredigovat a
ani svůj příspěvek už nemohl dopracovat takže uveřejňujeme jen
jeho předem daný souhrn. Zemřel 27.července 1997 těsně před
svými 71. narozeninami. Na planetce 6424 je jeho památka zvěčněna, a nám nezbývá, než mu
vyslovit posmrtně dík za práci,
kterou pro českou astronomii a
rovněž při přípravě našeho sympozia vykonal.

His interest in the history of
science was exemplary and not limited just to the history of astronomy. It is characteristic that the
International Astronomical Union
honoured him for his scientific
achievements by naming the small
planet 6424 after him in February
1995. He was preparing to edit the
materials from our symposium
when, a month after it had finished, he was afflicted by the first
problems that preceded his incurable illness, which lasted almost
a year. He knew the diagnosis but
bravely endured it right to the
end. He did not, however, manage
to edit the contributions to the
symposium, and could not even
complete his own contribution so
we are only publishing the summary given beforehand. He died
on 27th July 1997, just before his
71st birthday. His memory will
last forever with the small planet
6424, and it only remains for us
to thank him for the work he has
done for Czech astronomy and
also for the preparation of our
symposium.
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Záměrem organizátorů, zejména profesora Vanýska bylo uveřejnit stati
odeznělé na sympoziu jako zvláštní
číslo časopisu Earth, Moon and Planets. Jeho nemoc všecko zvrátila.
Pomoc nabídl pan ing. A. Karel
Velan, president společnosti VELAN Inc. v kanadském Montrealu, ostravský rodák a absolvent
(1945) strojního inženýrství Vysoké
technické školy Dr. Eduarda Beneše
v Brně, odborník v nukleární energetice a v technologii teplot a vysokých
tlaků a současně velký podpůrce astronomie, astronomického bádání a
její popularizace. Jeho finanční podporou bylo možno vydat tento svazek . Za to mu patří dík nejen účastníků sympozia, ale i všech historiků
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The intention of the organizers, and
especially Professor Vanýsek, was to
publish the papers presented at the
symposium as a special edition of the
journal Earth, Moon and Planets .
His illness upset everything. Help
was offered by Ing. A. Karel
Velan, president of VELAN Inc.
of Montreal, Canada. Ing. Velan is
a native of Ostrava and a graduate
in mechanical engineering from the
Dr. Eduard Beneš Technical University in Brno (1945); he is a specialist
in nuclear energy and in high pressure/temperature technology and
also a great supporter of astronomy,
astronomical research and its popularization. It has been possible to
publish this volume with his financial support. For this he deserves
the thanks both of the participants
of the symposium and of all historians of science and technology in the
Czech Republic.

Jaroslav Folta
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Předmluva

Preface

Podnět k sympoziu vzešel z jedné
rozmluvy s profesorem Vladimírem
Vanýskem na redakční radě pražského časopisu Pokroky matematiky,
fyziky a astronomie. Ve spolupráci
Společnosti pro dějiny věd a techniky, Národního technického muzea
v Praze spolu s Keplerovou univerzitou z rakouského Lince, podporovaných Jednotou českých matematiků a fyziků, Astronomickým
ústavem Akademie věd České republiky, Ústavem astronomie a astrofyziky Matematicko-fyzikální fakulty
Univerzity Karlovy v Praze, Hvězdárnou a planetáriem hlavního
města Prahy a pod záštitou Mezinárodní unie pro dějiny a filozofii vědy/Oddělení dějin věd se
sympozium sešlo ve dnech 18.-22.
srpna 1996 v Národním technickém muzeu v Praze.

The idea for the symposium arose
from a conversation with Professor Vladimír Vanýsek on the editorial board of the Prague journal Pokroky matematiky, fyziky
a astronomie . The symposium
took place between 18th –22nd August 1996 in the National Technical
Museum in Prague, in co-operation
with the Society for the History
of Science and Technology together
with the Kepler University from Linz
(Austria), and with the support of
the Union of Czech Mathematicians
and Physicists, the Institute of Astronomy of the Academy of Sciences
of the Czech Republic, the Institute of Astronomy and Astrophysics
of the Faculty of Mathematics and
Physics of Charles University, Prague, and the Observatory and Planetarium of the City of Prague. It took
place under the auspices and with
support of the International Union
for the History and Philosophy of
Science/Department of the History
of Science.

Mezinárodní sympozium bylo věnováno 400 letům vývoje kosmologie
od publikace Keplerova spisku Mysterium Cosmographicum v roce
1596.
Sympozia se účastnilo 55 odborníků
ze 14 zemí, z toho 39 cizinců. Podpora
pana
Ing. A. Karla
Velana a Mezinárodní Unie

The international symposium was
dedicated to 400 years of the development of cosmology since the
publication of Kepler’s Mysterium
Cosmographicum in 1596.
55 specialists (of which 39 were
foreigners) from 14 countries took
part in the symposium. The sup-
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umožnila cestu a pobyt na sympoziu
pěti kolegů z Ruska, Ukrajiny, Moldovy a Rumunska.
Na sympoziu odeznělo 29 vystoupení, byl přečten dopis královského
britského astronoma Sir Martina
Reese a předloženy dva postery.
V rámci sympozia účastníci prošli pěšky významnými místy pražské astronomické historie, a zajeli
k braheovskému zasedání do Benátek n.Jizerou, kde vedle prohlídky
zámku v němž kolem r. 1600 prováděl pozorování Tycho Brahe, prohlédli jemu věnovanou expozici, a
byli přijati starostou města Jaroslavem Králem. Den zájezdu byl
korunován klavírním recitálem významného českého virtuosa prof. Radoslava Kvapila, pořádaným jen pro
účastníky sympozia.
Těžiště prvého dne bylo zaměřeno
keplerovsky.
Po zahájení symposia Vladimírem Vanýskem, přiblížil V. Bialas (Mnichov) cestu, kterou Kepler od svého už studentského příklonu ke kopernikanismu dospěl
v jubilující práci a zejména pak
v rukopisných poznámkách k teorii pohybu Marsu k vyhraněnému heliocentrismu. V. J. Field

port of Ing. A. Karel Velan
and the International Union provided travel and accommodation for
five colleagues from Russia, Ukraine,
Moldova and Rumania.
There were 29 presentations at the
symposium; a letter from the British Royal Astronomer Sir Martin Rees was read out and two
posters were shown. As part of the
symposium the participants walked
around some of the significant locations associated with astronomical
history in Prague and then travelled
to Benátky nad Jizerou for the special Brahe session. As well as touring the castle in which Tycho Brahe
carried out his observations around
the year 1600, they visited the exhibition dedicated to him and were
welcomed by the town mayor Jaroslav Král. The excursion was
crowned with a piano recital by the
famous Czech virtuoso Professor Radoslav Kvapil, arranged just for the
participants of the symposium.
The first day was focused on Kepler.
The symposium was opened by
Vladimír Vanýsek and then
V. Bialas (Munich) described
the path by which Kepler matured, from his early student inclinations towards Copernicanism,
to work celebrated by our session,
and then especially in his later
manuscript comments advanced
to the theory of the movement of
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(Londýn) zdůraznila, že v Keplerově době byla kosmologie vytvářena jen problematikou planetárního
systému a v něm pak koperníkánský model umožňoval matematické
zvládnutí některých kosmologických
veličin zejména vzdáleností planet.
Jestliže astronomie byla matematická, tak Kepler přišel s myšlenkou matematizovat i kosmologii, přičemž užil vlastně jen Eukleidových
Základů. I když to nebyl nejsprávnější přístup, znamenalo to proti
dřívějším spekulacím podstatný pokrok v této oblasti. B. H. Bennett (London, Canada) se vrátil
ke Keplerovu Mysteriu a zdůraznil
jeho určující roli při utváření Keplerových argumentů pro jeho novou
planetární teorii. Bennett zde nachází i paralelní utváření nové vědecké epistemologie, která měla překonávat potíže pozorovacích chyb,
podřizování teorie evidentnosti ap.
A. E. L. Davies (Londýn) se snažila přinést podporu svému tvrzení,
že Kepler byl pod podstatným vlivem aristotelismu tím, že naznačovala jeho odmítání tečných pohybů k eliptickému pohybu s tím,
že ho nelze konstruovat eukleidovskými prostředky. R. M. Martens
(London,Canada) upozornila na to,
že mnoho z Keplerových součas-

Mars and his firm views on heliocentrism. V. J. Field (London) emphasized that in Kepler’s time cosmology concerned itself only with
the problem of the planetary system and within this concept the Copernican model enabled the mathematical mastering of several cosmological quantities, especially the
distance of planetary orbits. Since
astronomy was mathematical, Kepler introduced the idea of mathematizing cosmology as well, for which
he only used Euclid’s Elements .
Even though this was not the most
correct approach it represented a
fundamental advance in comparison
to earlier speculations in this field.
B. H. Bennett (London, Canada)
returned to Kepler’s Mysterium
and emphasized its decisive role
in formulating Kepler’s arguments
for his new planetary theory. Bennett also finds there a parallel formation of a new scientific epistemology which was to overcome the difficulties with observation errors, the
subordination of the theory to evidence, etc. A. E. L. Davies (London) tried to support her assertion
that Kepler was under the fundamental influence of Aristotelianism
by highlighting his resistance of tangential movements to elliptical movement, by asserting that it was
impossible to construct them by
Euclidean means. R. M. Martens
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níků považovalo astronomii za
neschopnou vypovídat o přírodě.
V tomto směru bylo aristoteliánství vůči astronomii velice skeptické. Keplerovi se podařilo od
stranit odpor vůči názoru, že fyzika skýtá vědecké poznatky. Autorka pak připomněla, že přes
nearistotelské prvky ve svých úvahách, Kepler se konec konců pohybuje v pojmech aristotelianismu,
což vrcholí ve víře, že matematické vyjádření vyjadřuje kausální mechanismy. G. Grasshoff
(Berlin) se obrátil ke Keplerovu
spisu Astronomia Nova, kde Kepler popisuje svou cestu při hledání
planetárních drah kolem Slunce.
Připomenul, že Keplerovi nešlo
jen o matematický popis vyhovující pozorováním, ale také o hledání fyzikálních příčin tohoto pohybu. Předložil zde Keplerovy postupné kroky a připomenul, že
klíčových prvků pro tento popis bylo dosaženo už v Mysteriu .
Upozornil též na to, že rozsáhlou analýzu této problematiky lze
nalézt v pozůstalosti Otto Neugebauera. J.Fempl–Madarevič
(Bělehrad) vyzdvihla některé momenty Keplerovy dvacetileté práce na formulaci jeho zákonů.
A. M. Duncan (Loughborough)
se zaměřil na prokázání Keplerova
novátorství ve fyzikální optice a

(London, Canada) drew attention to the fact that many of
Kepler’s contemporaries considered astronomy incapable of describing nature. Aristotelianism
was very sceptical towards astronomy in this respect. Kepler managed to eliminate the resistance
to the idea that physics provides
scientific knowledge. The author
then reminded us that despite the
non-Aristotelian elements in his
deliberations, in the end Kepler
adopted the concepts of Aristotelianism, culminating in the belief that mathematical formulations express causal mechanisms.
G. Grasshoff (Berlin) turned
to Kepler’s Astronomia Nova ,
where Kepler describes his journey in discovering the planetary
orbits around the Sun. He recalled that Kepler was not just
concerned with a mathematical
description fitting observations,
but also a search for the physical causes of their movements.
Here he presented Kepler’s gradual steps and recalled that the
key elements for this description
were already contained in Mysterium . He drew attention to the
fact that a wide-ranging analysis
of this problem can also be found
in work of the late Otto Neugebauer.
J.Fempl-Madarević
(Belgrade) stressed some of the
moments in Kepler’s twenty-year
work in the formulation of his
laws. A .M. Duncan (Loughbo-
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akustice. Ukázal to na Keplerových teoriích šíření světla a zvuku
a jevu resonance. F. Pichler (Linec) se ve svých poznámkách soustředil na Keplerovy spisy publikované v Linci a věnované obsahu vinných sudů, měřictví a
harmonii světa z let 1615–1619.
Prof. Pichler rovněž připomenul
resumé práce svého kolegy lineckého A. Adama, který se nemohl
zasedání zúčastnit a věnoval se
matematickému stylu myšlení Johanna Keplera. Adamovu práci
publikujeme vcelku. G. Betsch
(Tübingen) se zaměřil na některé
geometrické aspekty matematických prací Keplerových. Naznačil
při tom antické prameny těchto
prací, Keplerovy vlastní výsledky,
ale také — přes jejich podnětnost
do dnešních dnů — jejich zdlouhavé přijímání.
Druhý

den

zahájila

přednáška

P. L. Griffithse (Londýn) snažící
se prokázat, že Keplerův zákon vzdáleností určuje rychlost nebeských
těles lépe než Newtonova Principia. Další účastníci již opustili
přímou keplerovskou problematiku.
J. Hamel (Berlin) upozornil na
jednu kuriozitu. V 16. st. je velmi řídkým jevem, že by se latinské vědecké
traktáty překládaly do národního jazyka. Přesto kolem r. 1588 byl v Kas-

rough) focused on demonstrating
Kepler’s innovative work in physical optics and acoustics. He emphasized this in Kepler’s theories
of the broadcasting of light and
sound and the phenomenon of resonance. F. Pichler (Linz), in his
remarks, concentrated on Kepler’s
works from 1615–1619, published
in Linz, dealing with the content
of wine barrels, geometry and the
harmony of the world. Professor
Pichler also mentioned a summary
of the work of his colleague from
Linz A. Adam, who could not take
part in the meeting and who studied Kepler’s mathematical style of
thinking. We are publishing Adam’s
work in full. G. Betsch (Tübingen) focused on several geometrical aspects of Kepler’s mathematical
works. He pointed to the sources in
antiquity of these works, Johannes
Kepler’s own results, and that they
took a long time to be accepted,
in spite of their continual relevance
today.
The second day was opened with
a paper by P. L. Griffiths (London) attempting to demonstrate
that Kepler’s law of distances
determines the speed of heavenly bodies better than Newton’s
Principia . The other participants
now moved away from pure Keplerian problems. J. Hamel (Berlin)
drew attention to a curiosity. In
the 16th century it was very rare
for scientific works in Latin to
be translated into a vernacular
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selu přeložen Koperníkův spis De
revolutionibus. . . a to Raimarem
Ursem — pozdějším dvorním matematikem v Praze — pro Josta
Bürgiho. Rukopis patřil Paul Guldinovi a po jeho smrti (1643 Štýrský Hradec) přešel nakonec do
universitní knihovny ve Štýrském
Hradci. Vědecká edice překladu
se připravuje. G. Schuppener
(Lipsko) přiblížil obsah části
korespondence
Kepler-Guldin.
S.Debarbat (Paříž) v příspěvku
připraveném s J. Lévym připomenula Lambertovy kosmologické
dopisy (1761) jako prvý pokus
o vyjádření celého Universa na
vědeckém základě. Další dvě vystoupení byla věnována kosmologickým představám předcházejícím Keplera. H. Gropp (Heidelberg) zabloudil až do starověké Mezopotámie a naznačil některé další primitivní kosmologické představy původního obyvatelstva
prehistorické
Evropy,
zejména Keltů. M. Stavinschi
(Bukurešť) se přehledně zmínila
o vývoji astronomie na území
Rumunska, kde zásluhou biskupa
Jana Viteze byla ještě v předbraheovské době v Oradei vybudována observatoř a v r. 1548
byla publikována Rudimenta Cosmographica od Johannese Grasse
(Hontera).

language. Even so, around 1588,
Copernicus’s work De Revolutionibus . . . was translated in Kassel
by Raimarus Ursus, later court
mathematician in Prague, for Jost
Bürgi. The manuscript belonged
to Paul Guldin, and after his
death (1643 in Graz) it finally
ended up in the Graz University Library. An academic edition
of the translation is being prepared. G. Schuppener (Leipzig)
presented part of the contents
of the correspondence between
Kepler and Guldin. In a contribution prepared with J. Lévy,
S. Debarbat (Paris) recalled
Lambert’s
cosmological
letters
(1761) as a first attempt at expressing the whole Universe on
a scientific basis. A further two
presentations were dedicated to
cosmological
notions
preceding
Kepler. H. Gropp (Heidelberg)
wandered back as far as ancient Mesopotamia and noted some
other primitive cosmological ideas
held by the original inhabitants
of prehistoric Europe, especially
the Celts. M. Stavinschi (Bucharest) gave an overview of the development of astronomy in Rumania, where, thanks to the early
efforts of Bishop Jan Vitez, an observatory was built in pre-Brahe
times in Oradea and, in 1548,
Johannes Grass’ (Honter) Rudimenta Cosmographica was published.
In the afternoon session of the second day — which took place in
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V odpoledním zasedání druhého
dne, které se konalo v Benátkách
n.J. vystoupil M. Šolc s poznámkami o vztahu Keplera a Braheho a Braheho pobytu v Benátkách a P. Hadrava , který
se v přednášce připravené společně s A. Hadravovou zaměřil na rozbor a problémy kosmologických teorií doby Braheovy
(zejména Ptolemaiův, Koperníkův a Braheho) a naznačil, že
Keplerův model v Mysteriu chtěl
odvodit všechny volné parametry
z nejzákladnějších geometrických
symetrií.
Třetí den zasedání byl více zaměřen na moderní kosmologickou problematiku. P. Flin (Krakov) se zaměřil na současná globální pozorování rozložení hmoty
ve vesmíru, A. K. Velan (Montreal) na základě možných interakcí elementárních částic se pokusil objasnit svůj model vytvoření Universa, I. Vavilova (Kijev) se zabývala v příspěvku připraveném s P. Flinem charakterem rozložení galaxií v jagellonské oblasti na základě vlastního
katalogu této oblasti z r. 1995.
G Wolfschmidt (Mnichov) sledovala vývoj názorů na charakter vesmíru jako velké galaxie
nebo vesmír ostrovů v posledních téměř 100 letech a řešení

Benátky nad Jizerou — M. Šolc
gave a presentation with some
remarks about Kepler’s relationship with Brahe and Brahe’s
stay in Benátky; P. Hadrava, in
a presentation prepared together
with A. Hadravová, focused on
the analysis and the problems
of the cosmological theories prevalent in time of Brahe (especially Ptolemy’s, Copernicus’ and
Brahe’s)
and
indicated
that
Kepler’s model in the Mysterium
wanted to derive all free parameters from the most fundamental
geometrical symmetries.
The third day of the meeting was
directed more at modern cosmological problems. P. Flin (Cracow)
focused on the contemporary global observations of the distribution of matter in the Universe.
A. K. Velan (Montreal) tried, on
the basis of the possible interactions of elementary particles,
to explain his model of the creation of the Universe; I. Vavilova
(Kiev), in a contribution prepared with P. Flin, examined the
character of the distribution of
galaxies in the Jagellonian region
on the basis of her own catalogue of this region from 1995.
G. Wolfschmidt (Munich) followed the development of ideas
over the last 100 years about
the character of the Universe as
a large galaxy or a Universe of
islands, and showed how this problem was resolved by E. P. Hubble.
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E.P.Hubblem.

V. Vanýsek focused on the Non-

V. Vanýsek se věnoval Ne-Fried-

Friedmannian models of a nonhomogeneous Universe. He concentrated on the recently published fact of the incompatibility
of the direction of movement of
Local Group with the maximum
of dipolar anisotropy with the
cosmic microwave background radiation. A. Gaina (Kishinev) focused attention on phenomena
connected with Bose instabilities
in rotating black holes.

tohoto

problému

mannovským modelům nehomogenního Universa. Soustředil se
na v současnosti publikovanou
skutečnost nekompatibility směru
pohybu lokálních kup s maximem dipolární anizotropie s radiací kosmického mikrovlného pozadí. A. Gaina (Kišiněv) věnoval pozornost jevům souvisejícím
s Boseho nestabilitou v rotujících
černých děrách.

R. Guljajev (Troitsk) se zaměřil na využití starých astronomických pozorování pro určení některých astrofyzikálních změn na
Slunci, zejména vztahů mezi slunečním větrem a sluneční koronou. E. M. Drobyševskij (Petrohrad) představil svoji novou explozivní kosmogonii malých těles
sluneční soustavy tak jak ji ověřil
experimentálně a potvrdil předpovědí. Dopis M. Reese (Londýn), který přečetl A. K. Velan
rekapituloval v delší periodě příspěvky ke krystalizaci kosmologických teorií a shrnul zejména
poslední výsledky.
Odpolední dva příspěvky byly věnovány Keplerovým teoriím jak se
uplatňují ve výuce na barcelonských universitách. J. Fabregat
-Fillett (Barcelona) naznačil

R. Guliaiev (Troitsk) focused on
the use of old astronomical observations for determining certain
astrophysical changes in the Sun,
especially relationships between
the solar wind and the solar corona. G. M. Drobyshevskii (St.
Petersburg) presented his new
concept of explosive cosmogony
of small bodies in the solar system which has been validated
by his experiments. The letter
from M. Rees (London), read
by A.K.Velan, recapitulated contributions towards the crystallization of cosmological theories
over a longer period of time and
summarized especially recent findings.
The two afternoon contributions
were devoted to Kepler’s theories
as applied to teaching in Barcelona universities. J. FabregatFillett (Barcelona) indicated
how it is possible to use Kepler’s
results even in the agricultural
university for showing the rela-
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jak lze Keplerových výsledků využít
i na zemědělské universitě k ukázání vztahu mezi teorií a praxí a
R. M.Ros (Barcelona) presentovala
své zkušenosti s prací studentů při
fotografickém pozorování galileovských satelitů Jupitera a výpočtu
jejich drah pomocí Keplerových zákonů.

tionship
between
theory
and
practice, and R. M. Ros (Barcelona) presented her experiences of
work with students on the photographic observations of the Galilean satellites of Jupiter and the
calculation of their orbits with the
help of Kepler’s laws.

J. Folta and F. Pichler conclu-

Závěr sympozia provedli J. Folta
a F. Pichler při čemž někteří
jeho účastníci (m.j. J. V. Field a
G. Betsch) vyzvedli spojení historické i současné kosmologické problematiky na sympoziu. To se objevilo
i ve slovech V. Bialase v úvodu
večírku na rozloučenou.

ded the symposium with a discussion session, during which some
of participants (J. V. Field and
G. Betsch amongst others) stressed the links between historical and contemporary cosmological problems raised at the symposium. This also appeared in the
words of V. Bialas in his address
at the farewell party.

Nutno ještě připomenout, že bez
zajímavosti nebyly ani dva postery. V jednom M. Adameck,
R. Hansen a J. Klein (Hamburg)
předvedli
využití
počítačového
zpracování
jednotlivých
kroků
v Keplerově práci Astronomia
Nova k poznání autorova postupu. E.Ṁ. Drobyshevskij pak
naznačil, že řešení problému slunečních neutrin by mohlo přispět
k výběru realistické kosmologie.

It must also be mentioned that
even the two posters made an
interesting contribution. In one
paper, M. Adameck, R. Hansen
and J. Klein (Hamburg) demonstrated the use of a computer to
analyse the individual steps in
Kepler’s work Astronomia Nova
in order to discover his approach.
G. M. Drobyshevskii then suggested that resolving the problem
of solar neutrinos could contribute
to determining a realistic cosmology concept.

Všecky příspěvky jsou publikovány
bez lingvistických oprav, ve tvaru
podaném autory.

All contributions are published without linguistic revision in the form
submitted by the authors.

Jaroslav Folta

English translation agency MARVEL s.r.o., V jámě 1, Praha 1.
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Kepler’s winding Path to true Heliocentrism
Volker Bialas

1. The event — Mysterium Cosmographicum
Thanks to Jaroslav Folta, Vladimír Vanýsek and all their colleagues from
Praha we celebrate here the 400th anniversary of Kepler’s Mysterium
Cosmographicum, his first printed work which was based on Copernican
astronomy. But many centuries before Kepler’s Mysterium in the area
of the later Praha another mystery happened: the prophecy of Libuše
that once a town will be founded which glory will touch the sphere of
the stars. So men did their best to fulfill this prophecy by the work
of their hands. In the history of Praha at least two sovereigns should
be mentioned who did a lot for the Golden Prague: Karl IV. by justice
and by founding magnificent buildings, and Rudolph II. by promoting
arts and sciences. So under Rudolph’s auspices the short collaboration
between Tycho Brahe and Kepler came to pass, and both were able to
increase the glory of Praha in astronomy.
Going back to Kepler’s Mysterium cosmographicum we should take
notice of the extraordinary significance of this work for the further
development of Kepler’s ideas. It was characterized by Kepler himself
as the origin of all his important discoveries in astronomy1 , and in fact
Kepler has worked out his main cosmological idea for the first time,
namely the idea that in the divine plan of creation the universe has
been constructed with respect to mathematical-quantitative principles.
Kepler could realize this idea in his outline of the cosmological structure
by his well known intercalation of the five polyhedra into the intervals
of the six classical planets.
2. The question of transformation of Copernican astronomy as
a complex problem of procedure
For the intercalation of the polyhedra — for Kepler himself as Platonist
a rediscovery of God’s own idea in creation by human mind — Kepler
needed the planetary distances from the sun. Therefore he did not refer
them to the mean sun any more (as Copernicus did), but to the true sun.
Otherwise for the mean sun as the geometrical centre of the planetary
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system the eccentricity of the orbit of the earth would not play a part
in the whole construction.
In this procedure the transformation of the Copernican astronomy
to true heliocentrism seems to be only a geometrical question of a
new point of reference for the whole system. But Kepler’s proceedings
cannot be reduced to mathematical astronomy. He became aware of the
physical necessity of the transformation by the idea that the centre of
the planetary system could not be any longer the mean sun as just
a geometrical point. Copernicus considered this question by reason of
astronomical simplicity, since the second inequality could be explained
by the annual motion of the earth around the sun as superposition
with the planetary motion. But Kepler did even more. Though actual
problems of traditional astronomy are mainly considered by Kepler, in
fact the transformation based on physical arguments in many details is
demonstrated, both, by platonic ideas and by theological arguments.
3. The mathematical-astronomical procedure
But nevertheless in the transformation to true heliocentrism the
geometrical-astronomical procedure has to be demonstrated as the most
important part of Kepler’s path to his new astronomy. If we consider the
Copernican model of the annual motion of the earth,2 we recognize (Fig.
1):
S true sun, centre of the world;
C the mean sun or the centre of the orbit of the earth a variable around point B in
the period of the variation of the eccentricity;
B the mean centre of the orbit of the earth moving in a small circle around the true
sun S according to the period of the motion of the line of the Apsides;
T the earth moving around the mean sun as the centre of the orbit;
A Apogee (for the time of Copernicus).

In the first transformation of the solar system (as Kepler have
demonstrated in chapter XV. of his Mysterium Cosmographicum) he has
still used the Copernican demonstration of the eccentricity of Mars.3 We
have in Fig. 2:
C mean sun for the time of Copernicus with a small circle around B (circle of
eccentricity of the orbit of the earth);
BC so being its radius (a small variety of C);
S centre of the true sun;
E centre of a small circle of eccentricity of the orbit of Mars.
CEO line of Apogee
SEV line of Apheleon
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Fig. 1

Copernican model of the orbit of the earth

Fig. 2

Kepler’s first heliocentric transformation (1596)

If we transform the centre of the planetary system from the mean
sun to the true sun, so CEO (line of Apogee) will be transformed to
SEV (line of Aphelion) and the eccentricity from CE to SE. Fig. 2 is
a part of Maestlin’s drawing who was asked by Kepler to contribute a few
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supplements to the text for a better demonstration of the Copernican
astronomy.
As we know from the printed work Astronomia Nova (1609), Kepler
calculated true opposition of Mars from Tycho’s mean opposition to
determine his preliminary version of formula the hypothesis vicaria — for
the calculation of longitudes of Mars. For a still deeper going understanding of Kepler’s proceedings we can study Kepler’s handwriting material
as the original preparation of his astronomical main work. These calculations and texts in the extent of about 900 pages will be edited in the
next Volume (Vol. 20.2) of the Kepler Edition4 . Looking through Kepler’s
handwriting material it can be shown that Kepler, when he was studying
the problem of transformation for his new astronomy, he did mostly refer
his calculations to the mean sun. According to his own considerations
there is only a small difference of a few minutes in equation, if one regards
the new eccentric orbit with respect to the true sun in comparison with
the former orbit with respect to the mean sun5 (Fig. 3).

Fig. 3

Difference of equation with respect to the mean and true sun (Kepler–Mss.
Pulkowo Vol. XIV)
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We have in Fig. 3:
B mean sun,
A true sun,
D centre of the eccentric orbit N LP with respect to B,
E centre of the eccentric orbit OM R with respect to A,
Q punctum aequans in both orbits,
QN O mean position or direction of Mars for a certain moment of time,
BN true position of Mars with respect to B,
BAO true position or direction of Mars with respect to A,
N BO (angle) difference of the two directions less or equal 5’.

In the printed work we find a similar demonstration in chapter V.
This procedure was completed by different ways of analyzing the latitudes of Mars to demonstrate the constant inclination of the plane
of the planetary orbit against the ecliptic. For quite a big part of his
handwriting material Kepler referred the latitudes to the true sun, i.e.
the line of nodes is assumed to lead through the centre of the sun, as on
the other hand the longitudes and radial distances were still calculated
with respect to the mean sun. This proceeding is surprising for the reader
and makes the study of his handwriting Manuscripts more complicated.
The whole transformation to heliocentric astronomy looks like a
winding path through elementary geometry by solving the following
problem. Kepler assuming the eccentric circle with equant in the Copernican system as model of the planetary orbit had to consider the
mutual position of the main points of reference (Fig. 4). The question
was: How does the ratio of movement vary in the model, if we assume
the punctum aequans on line DB? This problem is the actual starting
point for Kepler’s discussion of a preliminary model for the planetary
motion and for the derivation of his ’hypothesis vicaria’.
We have in Fig. 46 :
A mean sun,
B centre of the planetary orbit EF ,
C punctum aequans,
D true sun,
C’ possibly new position of punctum aequans,
A’ Apogee of the orbit of the earth,
E Apogee of the planetary orbit with respect to A,
αDπ line of Apsides through the true sun.
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Fig. 4

Geometrical-astronomical problem of the mutual position of the main points
of reference (Kepler–Mss. Pulkowo Vol. XIV)

But here we must leave the geometrical-astronomical consideration
of Kepler’s problem of transformation.
4. Short look onto physical and philosophical arguments
Beside of mathematical astronomy Kepler looked for the real constitution of the planetary motion, i.e. the nature of things, as he pointed
out in his Apologia or, better, in his Tractatus de hypothesibus, written
in Prague between October 1600 and April 1601.7 In this treatment
on the essence of a hypothesis in astronomy, unpublished in Kepler’s
lifetime, he makes a fundamental difference between a mathematical and
physical consideration in astronomy. His term of a hypothesis requires
the representation of physical reality which can be found only behind the
phenomena. According to Kepler’s astronomy gives evidence of reality,
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but not of mathematical fiction. Based on this idea of truth in astronomical cognition Kepler comes as well to new insights into physical
astronomy on his path to true heliocentrism.
In 1593 as a young Magister in Tübingen Kepler had already given
a disputation to defend Copernicus in Platonic tradition by praising the
sun as regent of the planetary motion.8 Later on he considered the central
body of the planetary system as a main object in physical astronomy and
as an important argument for heliocentrism. This change of proceeding
to the central body of the planetary motion was a new topic of theoretical
astronomy and can be characterized as an early starting point of celestial
mechanics.
On the other hand Kepler discussed the idea of planetary motion as
a physical problem by the interplay of the central force of the sun and of
the motive force or vis motrix of the planet. So he had to consider also
scholastic ideas of motion and force in the Aristotelean tradition as he did
in 1603 for the first time before his thorough reception of Gilbert’s idea
of magnetism.9 Kepler differs natural faculty (facultas naturalis) and
principle of mind (principium animale). Facultas naturalis is expressed
by the vis motrix or vis naturalis of a body, and principium animale is
considered as an inner principle of the body, both, to come into motion
by its desire or will (nutus) and to resist by its reluctance or reaction
(antispasis).
This short and remarkable discussion of scholastic physics was not
published in the Astronomia Nova. So it is an intermediate step to
further considerations in Kepler’s later work Epitome.10

5. Conclusion: The winding and the overgrown path
Kepler’s foundation of true heliocentrism can be described as a winding
path through the difficulties and barriers of the 2000 years of astronomical and physical tradition. 400 years after the publication of his
Mysterium cosmographicum, when we celebrate this great event here in
Prague, I would like to illustrate Kepler’s insights into the real structure
of the solar system by a short piece of the piano cycle ’On the overgrown path’ of the Czech composer Leoš Janáček.11 I ask you to be
listening to this music also in memory of the late historian of astronomy
Zdeněk Horský from Prague. Here we may also recognize a new process
of harmonic and musical impression, since the composer Janáček was
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influenced by his home atmosphere of Hukvaldy nature. Kepler’s path
to true heliocentrism was overgrown by wild geometric ornaments of
different kind of circles and hypotheses. In the end he came to the idea
of a new harmony in universe which is still of some value until nowadays.

Notes
1

Kepler: Mysterium cosmographicum, 2nd edition (1621), Epistola dedicatoria. In:
Kepler Gesammelte Werke, Vol. 8 (KGW 8), ed. Franz Hammer, München 1963,
p. 9.

2

Fig. 1 from: J. L. E. Dreyer: A history of astronomy from Thales to Kepler, 2nd
edition, New York 1963, p. 332.

3

Kepler: Mysterium cosmographicum (1596), Chapter XV. In: KGW 1, ed. Max
Caspar, 2nd edition, München 1993, p. 52.

4

Commentaria in theoriam Martis (KGW 20.2, ed. Volker Bialas) will be published probably in the end of 1997 or in 1998.

5

Fig. 3 corresponds with Kepler–Mss. Pulkowo Vol. XIV, fol. 93v.

6

Fig. 4 corresponds with Kepler-Mss. Pulkowo Vol. XIV, fol. 75v.

7

Kepler: Apologia Tychonis contra Ursum (or: Tractatus de hypothesibus) (1601).
In: KGW 20.1, ed. Volker Bialas, München 1988, p. 15–62. Compare also my
commentary, especially p. 470f.

8

Kepler: Fragmentum orationis de motu terrae (ca. 1593). In: KGW 20.1, p. 147–
149.

9

Axiomata physica de motibus stellarum. (Kepler-Mss. Pulkowo Vol. XIV, fol. 4 and
5. In: KGW 3, ed. Max Caspar, 2nd edition, München 1990, p. 477–480.

10

This paper written for the Prague Symposium on Mysterium cosmographicum,
18th – 22nd of August 1996, is a intermediate step to my commentary of KGW
20.2 (compare note 4).

11

Leoš Janáček: Frýdecká Panna Maria (The Holy Virgin of Frýdek) from his first
piano cycle ’On the overgrown Path’ (early 20th century).
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Kepler’s Mathematization of Cosmology
J. V. Field
Kepler was very good at mathematics. Indeed he made several
discoveries, including two non-convex regular polyhedra and a new method of calculating logarithms, discoveries which would have ensured
him a place in the history of mathematics even if he had never done
any astronomy at all. Similarly, his work on optics yielded a correct
explanation for the functioning of the optical system of the human eye,1
a correct explanation for the functioning of the camera obscura (which
was what he was looking for when his attention became diverted to the
eye), and a design for a telescope with two convex lenses. This is to say,
first, that Kepler was clearly an extremely intelligent man, but secondly,
and more importantly in the present context, that we must not think of
him as only an astronomer. When he was employed by the Holy Roman
Emperor Rudolph II, his official title was ’Imperial mathematician’, and
his range of interests was in fact precisely what was to be expected from a
mathematicus at that time. Indeed, as a ’mathematician’ Kepler was also
interested in the theory of music, which completes his range of concerns
as taking in all four ’sciences’ of traditional university mathematics:
arithmetic, geometry, astronomy and music. The part of Kepler’s work
that we shall deal with here is geometrical and astronomical, though one
should not forget the huge amount of calculation involved. In Kepler’s
day arithmetic was not so invisible as it is liable to become in ours.
As will become clear, in making cosmology mathematical, Kepler
saw himself as making its problems soluble. On the simple psychological
level, one can see that such a programme might appeal to a competent mathematician. However, the position has a long and respectable
ancestry, which I do not propose to trace in detail here. To simplify: if we
omit
1
For Kepler’s invention of the ’point at infinity’ and his description of the human
eye, see J. V. Field, Two mathematical inventions in Kepler’s Ad Vitellionem
paralipomena, Studies in History and Philosophy of Science, 17(4), 1986, 449–468.
2
On Kepler’s engagement with music, see M. Dickreiter, Der Musiktheoretiker
Johannes Kepler, Berne and Münich, 1973; J. V. Field, Kepler’s Geometrical Cosmology, London and Chicago: Athlone and University of Chicago Press, 1988; and
Johannes Kepler, The Harmony of the World, trans. and with introduction and
notes by E. J. Aiton, A. M. Duncan and J. V. Field, in Transactions of the American
Philosophical Society, no 209 (in press).
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the shadowy figure of Pythagoras, who seems to have been concerned
specifically with numerical relationships, the idea that mathematics can
explain what we see in the world about us is most clearly associated
with Plato (429–348 BC). It may perhaps seem that I have used the word
’explain’ rather vaguely, but it becomes clear from the writings of Plato’s
followers that he was generally interpreted as believing that mathematics
was capable of yielding not just a model to describe phenomena but a
true insight into the way natural things worked. This is stated explicitly
by, for instance, Proclus of Lycia (AD 410- 485), who was head of the
Academy in Athens, the school founded by Plato. I have mentioned
Proclus in particular because it is certain that Kepler knew his work
(see below). It is also certain that he knew Plato’s, and that he read
both authors in the original Greek. However, the immediate instigator of
Kepler’s cosmological programme was Nicolaus Copernicus (1473–1543).
Copernicus had been a student at the University of Krakow, and had
then studied medicine at the University of Padua in the 1490s, before
taking a degree in Law at the University of Ferrara (it was cheaper
to take a degree at Ferrara). He was highly regarded in his time as
a skilled mathematician, but was apparently reluctant to publish his
work. His six-book treatise On the revolutions of the heavenly orbs (De
revolutionibus orbium cœlestium) did not actually appear in print until
the year of his death, 1543. Thus the theory faced the learned world
without support from its author. Copernicus regarded his theory as a
revival of the cosmology of Pythagoras, in which the Earth moved round
the ’central fire’, which Copernicus (and his contemporaries) identified
as having been the Sun. Modern scholarship does not endorse this view of
Pythagoras’ theory, for which our evidence is, however, rather hazy, since
it largely depends upon what Plato’s cleverest pupil, Aristotle (384–322
BC), says when he prepares to refute it. In any case, Copernicus did
realise that he had an ancient predecessor in putting the Sun rather
than the Earth at rest, namely Aristarchus of Samos (c. 310–c. 230 BC),
whose theory is described by Archimedes (c. 287–212 BC) in The Sandreckoner.3 Copernicus’ account of his own ’Pythagorean’ system, in
which the Sun is at rest in the centre of the Universe, largely follows the
3
Unfortunately, in shortening Copernicus’ manuscript for the press, his editor,
Andreas Osiander (1498–1552), removed the passage containing the reference to
Aristarchus. However, Copernicus’ manuscript survives as testimony. It is available
in ’facsimile’ (a colour photographic reproduction): Nicolaus Copernicus Gesamtausgabe, ed. H. Nobis, vol. 1, Hildesheim, 1974.
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pattern set by standard astronomical texts of the day. One example of
this is that the diagram of the heliocentric Universe, shown in Fig. 1, is in
exactly the same style as standard diagrams of the geocentric Universe.
This diagram is in fact a fairly faithful copy of the one found in Copernicus’ manuscript, so its style is not to be ascribed to an anonymous
illustrator, but rather to Copernicus himself.

Fig. 1

Diagrammatic representation of the Universe, from Nicolaus Copernicus,
De revolutionibus orbium cœlestium Nuremberg, 1543, p. 9 verso.

Standard diagrams of the Universe showed a geocentric planetary
system, and all orbs were centred on the Earth, whereas in Copernicus’
diagram the orb of the Moon has a different centre from the others.
However, apart from this irregularity, Copernicus’ diagram resembles its
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predecessors in showing the orbs of the planets as of approximately equal
thickness, and in enclosing the whole in a sphere of the fixed stars. Above
that sphere, geocentric models have a sphere that is the ’prime mover’,
and they sometimes include further spheres beyond that.4 The current
geocentric system, universally accepted as correct in Copernicus’ day,
is essentially that described by the Alexandrian astronomer Claudius
Ptolemy (fl. AD 129–141) in the Almagest.5 In both systems, geocentric
and Copernican, the fixed stars are no more than a background, so what
we are calling a cosmology is (in today’s terms) little more than a model
of the planetary system. However, as we shall see, that provided enough
problems to be going on with.6
Copernicus says that his system truly is systematic in the sense
that the sizes of each of its parts are linked one with another. He even
compares the resulting proportions to those of the human body — a style
of comparison that is very much in line with his humanist education in
Italy. However, when he comes to describe his system in more detail, he
deals with each planet separately. This is the way the planets are considered in the Almagest, and it is clear that Copernicus is simply following
the traditional style.7 Nevertheless, it is indeed true that one can find
4
The extra spheres, used to account for the movement of the equinoxes, were the
subject of much discussion among astronomers of Copernicus’ time.
5
Ptolemy’s work survives in the original Greek. Its title should be translated as
something like The Mathematical Construction, in thirteen books; over time, respectful readers converted this into The Great Construction . . . and then into The Very
Great Construction . . . . The Greek word for ’very great’, megiste (µεγιoτ η), then
became corrupted through transliteration into Arabic, giving the Latin Almagestum.
There exist good translations of the work into German: Handbuch der Astronomie,
tr. K. Manitius, Leipzig, 1963; and into English: Almagest, tr. G. Toomer, London,
1984.
6
,Explorations of the structure of the universe of stars began, at first very tentatively, only with the work of Newton. See A. Van Helden, Measuring the Universe:
Cosmic dimensions from Aristarchus to Halley, Chicago and London: The University
of Chicago Press, 1985. For Kepler’s discussion of the possible three-dimensional
distribution of the stars, see Field, Kepler’s Geometrical Cosmology (full reference
in note 1 above), Chapter 2.
7
Copernicus’ original readers may well have relied on manuscripts of Ptolemy’s
work, but they would also have had a choice of three printed editions of the Almagest:
the Latin translation made from Arabic in the twelfth century by Gerard of Cremona
(printed 1515), the notoriously unreliable Latin translation made from Greek by
George of Trebizond in 1451 (printed 1528), or the Greek text published in 1533.
Astronomers generally considered that Regiomontanus’ Epitome of the Almagest
(1496), a partial translation made from the Greek, was more useful than either of
the two Latin versions of the complete text.
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the size of each orb: Since each planet is observed from the Earth, which
is moving round the Sun once in a year, the small year-long loops that
appear in the motions of planets will be due to the motion of the Earth,
and their apparent size can then be used to find the distance of the planet
concerned, in terms of the size of the orbit of the Earth. In contrast, in
the geocentric system, the sizes of orbs are not determinate — at least,
not unless we make some subsidiary assumptions. In both the standard
geocentric system and Copernicus’ system the orbs are constructed in
the same way, by supposing the motion of the planet to be made up
of circular components. That is, the planet will move round a circle
whose centre moves round another circle (and further complications are
possible, but need not detain us here). Observations will allow one to
calculate the ratio of the diameters of the circles, so that one can produce
a model, but there is no way of finding the actual size of any of the circles.
In practice, it was assumed that the orb (or ’sphere’), the spherical shell
that included the apparatus of circles, was of such a size that the orbs
could be nested exactly one inside the other, thus allowing motion to be
transmitted from the outermost sphere to the innermost. Alternatively,
the motion of the planet might be described by a combination of spheres
and spherical shells, rolling one inside the other, but the orb is always the
shell containing the complete apparatus, and in the geocentric system
the sizes are found by assuming contact. This assumption of contact is
a matter of what would now be called ’physics’, that is, it involves ideas
about how nature works. It does not belong to mathematics or astronomy
as such but rather to Natural Philosophy. Moreover, since the sizes of the
orbs were indeterminate, their order was indeterminate also, though in
practice there was general agreement among natural philosophers that
the order was that of the observed periods, with the fastest moving
planet, the Moon, being the one closest to the Earth, after which the
order was Mercury, Venus, the Sun, Mars, Jupiter and Saturn. Thus in
the geocentric system the astronomer, a mathematician, had to turn to
Natural Philosophy to decide the order of the spheres, and their relative
sizes. In the Copernican system the sizes, and thus also the order, could
be determined mathematically from observations.
As we have already mentioned, Copernicus makes rather little of this
fact. Indeed he does not even give a diagram to explain what is going
on. Kepler does, see Fig. 2. In fact, Kepler seems to have been the first
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Fig. 2

’Figure I, to show the order of the moving heavenly spheres together with
the true proportion in size according to their mean distance . . . ’, a fold-out
page from Johannes Kepler, Mysterium cosmographicum, Tübingen, 1596,
Chapter 1.
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reader to take a serious interest in the cosmological implications of
the Copernican system. De revolutionibus was addressed to professional
mathematicians, and most of it was indeed far too difficult for anyone
else to read. The initial interest in the work concerned technical details,
the actual ’theory’ for each planet, that is, the system of circles used
to describe its motion. Would these new descriptions of the motions
give more accurate astronomical tables, or help to solve mathematicians’
long-running problems over finding the length of the tropical year? The
first signs were hopeful — presumably because Copernicus’ models for
the motions incorporated relatively new observations — but the promise
was not sustained. Tycho Brahe (1546–1601), annoyed by the failure of
the new tables based on the work of Copernicus and others, decided (for
reasons that are not quite clear) that it would help to have a huge number
of new and more accurate observations.8 In the late 1580s, when Kepler
decided in favour of Copernicus’ description of the planetary system,
there were no convincing observational grounds for any such decision.
Kepler’s reasons were, as he put it, ’metaphysical’ or ’physical’, the latter
term being used in something close to its etymological sense, that is to
mean ’concerned with the way nature works’. Indications of what these
reasons were are given by the astronomical questions that Kepler fires
off in the first chapter of the Mysterium cosmographicum. These, he
says are questions that the Ancients, the originators of the geocentric
system, either did not ask themselves or asked themselves in vain. All
the questions find satisfactory answers in the Copernican system. For
instance, in the Ptolemaic system, it is merely arbitrary that Venus and
Mercury are never seen far from the Sun. In the Copernican system, the
fact is a consequence of the orbs of these planets lying between the Earth
and the Sun.
However, the Copernican orbs presented a number of problems. It
turned out that the paths of the planets were widely separated, the
distances between them being far greater than was required to accommodate a system of circles or spheres used to make up the orbs. It is not
hard to see why this was so: the supposed paths of the planets, which
8
It was usual to use only the minimum number of observations in constructing a
model of the motion of a planet, and Kepler was at first rather puzzled how best
to make use of Tycho’s work. But that is part of another story. On Tycho, see
V. E. Thoren, The Lord of Uraniborg: A Biography of Tycho Brahe, Cambridge,
1990. This study is, however, rather vague as to why Tycho decided to make so many
observations.
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Copernicus had referred to the centre of the motion of the Earth, were
now much more nearly circular, so the subsidiary circles, providing only
minor deviations from the larger one, were much smaller. Historians are
fond of pointing out to each other what is obvious to a mathematician,
namely that in total the Copernican orbs contain almost exactly the
same number of circles as the Ptolemaic ones. They would have to, if
we are to get the same accuracy, which is in effect built in by the use of
observations made with very similar instruments. In a manuscript sketch
of his theory, written about 1513 and now called the Commentariolus,
Copernicus had objected to the number of circles needed in the Ptolemaic
system, and implied his system would be more economical.9 It may
have been the increasing complexity that he was forced into as his
work progressed that discouraged him from publishing it. In any case,
since the Copernican system required the Earth to move, which was
completely contrary to the conventional physics of the time, it seemed a
minor matter to natural philosophers that the lack of contact between
the Copernican orbs also apparently required some new physics. Kepler,
however, thought that the sizes of the gaps between the orbs required
an explanation. Moreover, the number of orbs inside the sphere of the
fixed stars was now different: in the geocentric system there were seven
orbs (Moon, Mercury, Venus, the Sun, Mars, Jupiter, Saturn), whereas
in the Copernican system there were only six, the Moon having become
an oddity.10 Kepler’s explanation was to derive the number and the
gaps from the fundamental truths of geometry, as found in Euclid’s
Elements. That is, there are six planets because there are five ’perfect
solids’ (polyhedra which each have faces and vertices of only one kind);11
moreover, properties of the solids also account for the sizes of the gaps
between the planetary orbs.
The fold-out plate that illustrates the theory is shown in Fig. 3.
9
For a heavily annotated English translation, see N. Swerdlow, The derivation
and first draft of Copernicus’ Planetary Theory: a translation of the ’Commentariolus’ with commentary, Proceedings of the American Philosophical Society, 117, 1973,
423–512; see also E. Rosen, Three Copernican Treatises, New York, 1939, reprinted
New York, Dover 1959, also later editions.
10
Kepler invented the word ’satellite’, literally ’attendant’, in 1611, to describe
the moons of Jupiter: Johannes Kepler, Narratio de observatis a se quatuor Jovis
satellitibus erronibus, Frankfurt, 1611 (reprinted in Johannes Kepler gesammelte
Werke, ed. M. Caspar et al., Munich: Beck, 1938 -, vol. 4; in what follows this edition
will be referred to as KGW).
11

Euclid proves that there are only five such solids in Elements, 13, Proposition 18.
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It will be discussed in more detail later. For the moment, let us look
at the underlying principles. One of them is simply part of Kepler’s

Fig. 3

Nested regular polyhedra and planetary orbs, a fold-out page from Johannes
Kepler, Mysterium cosmographicum, Tübingen, 1596, Chapter 2.
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character — at least as far as I can see — namely that while, at this time,
everyone says that God is a Geometer, and that He made the World in
Number, Measure and Weight (Wisdom, 21:11), Kepler actually believes
it. That is, he believes it in a way that makes a difference to how he tries
to understand the world. One could call the implementation of the belief
naı̈ve or one could call it radical, but either way it seems reasonable to
Kepler that if God is a geometer then the explanation for the nature of
His handiwork is to be found in Euclid. One must, of course, remember
that at this time serious mathematics meant geometry, so the choice of
text is not in itself unorthodox. Moreover, though the model looks bizarre
to a twentieth-century scientist, it seems to have found a certain degree
of favour with Kepler’s contemporaries. The Mysterium cosmographicum
was the only one of Kepler’s works to go into a second edition in his
lifetime.12
Kepler had an entirely conventional mathematical education, which
is to say that he was very well read in Greek geometry. He first came
across the Copernican system when he was studying astronomy at the
University of Tübingen, under Michael Maestlin (1550–1631). Then as
now, Tübingen was a bastion of Lutheran orthodoxy, and Kepler’s original intention was to be ordained as a priest. He accordingly studied
theology and learned not only Greek but also Hebrew. Since no good Latin translation of the Almagest was available, it was later very important
that Kepler could read Ptolemy in Greek. His earlier education would
also certainly have involved reading Plato (whose Greek is rather easy),
and it seems also to have included Proclus, whose opinions about the
absurd complexity of astronomers’ orbs, expressed in his Hypotyposis,
find an echo in the Mysterium cosmographicum. Thus, when he came
across the Copernican system, Kepler must already have known about
the five (convex) regular polyhedra described in the last book of Euclid’s
Elements, about Plato’s use of them in his account of the properties of the
five ’elements’ (earth, water, air, fire and aether) in Timæus, and about
Proclus’ belief, expressed in his Commentary on the first book of the
Elements, that the purpose of Euclid’s work was to arrive at these solids,
which had a cosmic significance. The Greek text of Proclus’ Commentary
12
Kepler added a huge number of notes to the text for the second edition,
which was published in Frankfurt in 1621. This edition is available with an English
translation on facing pages: Johannes Kepler, Mysterium cosmographicum. The
secret of the Universe, the second edition of Kepler’s work, reprinted with translation
by A. M. Duncan and commentary by E. J. Aiton, New York: Abaris Books, 1981.
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was first printed in 1533, together with the first edition of the Greek text
of the Elements. It is clear from the numerous allusions and quotations
we find in his works that Kepler owned a copy of this book. In fact,
a long quotation from Proclus’ Commentary appears on the title page
of the first book of Kepler’s second work on cosmology, Five Books of
the Harmony of the World (Harmonices mundi libri V, Linz, 1619).13
The page in question is shown in Fig. 4. A Latin translation of a slightly
longer version of this quotation appears on the title page to Book 4. What
Proclus says in this passage is that the study of mathematics reveals the
relationships of the parts of the world one to another. This may seem
vague, but Kepler’s application of it in the Harmony of the World is
(characteristically) specific. Since Proclus’ Commentary on Euclid was
widely read, it seems likely that Kepler had in fact studied it when a
student. In any case, it expresses very neatly an opinion Kepler certainly
shared.
It is, of course, not necessary that the philosophical background to
a theory should be fully thought out before the theory itself takes shape
in the mind. Leap now, justify later is by no means a speciality of the
twentieth century. However, in the matter of his polyhedral explanation
of the dimensions of the Copernican planetary system, Kepler does seem
to have begun with the philosophical conviction that what he wanted
was a mathematical theory. In fact, in the Preface to the Mysterium
cosmographicum, he has left us his own account of how he came to
the theory, and there seems to be no reason to doubt its veracity.
(Kepler,who was a deeply religious, if not quite orthodox, Lutheran,
seems to have believed lying was a sin.) From this account, it is clear
that he did not first think ’five special cosmic solids, five gaps’. He
began by noticing that as he drew lines between successive positions of
Great Conjunctions (conjunctions of Jupiter and Saturn) on a circular
figure of the Zodiac, to explain the matter to his students, the lines,
which were almost at 60◦ to each other, sketched out the envelope of
a smaller circle. He at once thought of the Copernican orbs, and later
tried making circles one inside the other by drawing a regular polygon
in each and then making the next circle the incircle of the polygon. But,
he reasoned, this would give an indefinite number of circles. Then came
the inspiration of using the five solids, together with the realization that
the problem was after all three-dimensional. So the Platonic conviction
13

There is an English translation of this work, see reference in note 1 above.
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Fig. 4

Title page of Johannes Kepler, Harmonices mundi libri V, Book 1, Linz,
1619. The Greek text is a quotation from Proclus’ Commentary on the first
book of Euclid’s Elements.
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that what was required was a mathematical theory clearly came before
the theory itself. Moreover, the fact that a mathematical theory could
be constructed, and proved to be in good agreement with observation
(see below), seemed to Kepler to be a strong proof of the correctness of
the Copernican system.
Astronomy had always been mathematical. What is happening here
is that Kepler, having noticed the fact that the Copernican system
allows astronomical, that is mathematical, methods to be applied to
find cosmological quantities (the dimensions of orbs), is using this fact
to extend the domain of mathematics into cosmology. Moreover, as we
shall see, he is applying to cosmology exactly the same standards that
he applied to astronomy. That is, he is making cosmology a ’science’,
because at that time a ’science’ was simply a subject that was capable of
being studied mathematically. In Latin, of course, the word for ’science’ is
scientia, which literally means ’knowledge’ and it was not only Platonists
who recognized that mathematics was special in the sense that results
could be proved rigorously. In fact, since Euclid’s Common Notions
and Postulates were accepted as actually true (not just as axioms as
they would be today), the rest of his work was considered to be true
as well. Thus geometry was generally recognized as a source of true
knowledge about the world. Plato went further than this. He asserted,
in the Republic, that mathematics was the only subject in which a human
being could have perfect knowledge, like that of a god.14
Kepler’s epistemology is close to Plato’s. He accepts the basis of
the cosmology Plato describes in Timæus, namely that the Universe was
made perfect so as to resemble its creator, and christianizes this into a
scheme whereby Man, being made in the image of God (see Genesis) is
obviously capable of understanding the Universe in mathematical terms,
since it too was made in God’s image. Indeed, Kepler gives every sign of
believing that it is actually his Christian duty to attempt to understand
the Universe, since the Universe is the visible expression of the nature of
its Creator. This is a strong version of the quite usual Renaissance belief
that the study of astronomy, since it tells one about the nature of God’s
world, helps to lead the soul to God. Indeed, many learned subjects
were believed to be capable of exercising the same kind of influence. As
with the belief that God is a geometer, Kepler’s belief in this matter
also is like everyone else’s, but held more strongly and followed through.
14

Republic, VII, 534, together with the famous simile of the cave.
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In the Mysterium cosmographicum, one seems, in fact, to be coming
rather close to the undoubtedly heretical position of identifying God not
merely as being a geometer but as actually identical with the Platonic
Idea of geometry itself. This identification is made in so many words in
The Harmony of the World, where Geometry is described as co-eternal
with God and therefore God himself.15 When that work was published,
in 1 619, Kepler had already been excommunicated (for unorthodox
opinions about the presence of God at the Eucharist).
Let us now return to Kepler’s cosmological model, sometimes called
the ’polyhedral archetype’ since Kepler believed it to be a model in the
sense that it was the pattern according to which the Universe had been
created. The orbs and polyhedra are nested inside one another. Each
orb has its outer surface derived as the insphere of a polyhedron and
its inner surface is used to construct an inscribed polyhedron, whose
insphere will give us the outer surface of the next orb. The order is orb
of Saturn, cube, orb of Jupiter, tetrahedron, orb of Mars, dodecahedron,
orb of Earth, icosahedron, orb of Venus, octahedron, orb of Mercury.
The astronomical facts ensure that the inner parts of the diagram are
very hard to read in Fig. 3. Kepler had his diagram drawn as an engraved
plate, which is folio, and folds out of t he book (an octavo). The model
has been shown as if it were something material. This is a quite normal
pictorial convention of the time, but it seems to have misled Tycho
Brahe. It was presumably from looking at the diagram that he drew
the conclusion that Kepler believed in solid orbs. Kepler did not. In
the margin of Tycho’s letter, his comment on the non-existence of solid
orbs has been annotated, by Kepler: ’That goes for me too, and for
my book’.16 In fact in Chapter 16 of the Mysterium cosmographicum,
Kepler was to refer to solid orbs as ’absurd’ and ’monstrous’, though he
does not explain this opinion. At the time, astronomers seem to have
been divided in their opinions over the nature of the orbs.17 In any
case, Kepler’s orbs are not conventional, since they do not include the
apparatus used to construct the path, but only the path itself. This
15
Harmonices mundi, Book 1, section XLV, in a long marginal note towards the
end of the section.
16
Tycho to Kepler, 1 April 1598, letter 92, printed in KGW, vol. 13, pp. 197–202.
Kepler’s comment on line 63 (pp. 198–9) is printed on p. 201.
17
There has been a long-running, and partly very ill-tempered, dispute on the
matter among historians, about which least said soonest mended. For a sane summary,
see E. J. Aiton, Celestial spheres and circles, History of Science, 19, 1981, 75–114.
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is clear from Kepler’s text, but we may note that the illustrator has
made a mistake: there is a tiny circle defining the thickness of the orb
of Saturn. In fact, Kepler’s theory does not deal with the thicknesses
of the orbs. (This omission is repaired in the musical model proposed
in The Harmony of the World.) Kepler has also omitted to explain the
size of the gap between Mercury and the Sun, which is a little curious
in view of the fact that one of his objections to the use of polygons was
that the series of polygons and circles would not reach to the centre. He
does, however, explain why it is appropriate that each polyhedron should
be placed between the particular orbs whose surfaces are defined by its
in- and circumspheres. This is partly a mathematical necessity, since
the same ratio between the radii of in- and circumsphere is obtained
for polyhedra that are (to use the modern term) duals, that is, the
dodecahedron and the icosahedron, and the cube and the octahedron.
Kepler’s reasoning is entirely in the style of Plato’s in the passage in
Timæus where each polyhedron is associated with the properties of one
of the ’elements’. For instance, the cube is considered appropriate to the
element earth because it is stable and consequently hard to move. In
Kepler, the same properties associate the cube with Saturn, the most
slow-moving of the planets. There are also discussions of other aspects of
the theory, to which we shall return. The consideration of its agreement
with observation, that is values of planetary distances deduced from the
work of Copernicus, first appears in Chapter 14. We have a table of
comparisons, see Table 1. The first column identifies the planet. The
first planet is Jupiter,since the theory makes no prediction for the orb

Planet

Jupiter
Mars
Earth
Venus
Mercury
mid

outer radius of lower sphere
if inner radius of upper one
were 1000
theory
obs
577
333
795
795
577
707

difference
theory–obs.
absolute

% of obs.

−58
0
−38
+1
−146
−16

−9
0
+5
0
−20
−2

635
333
757
794
723

Table 1. Comparison of the predictions of the polyhedral model with observation (i.e.
values calculated from the Copernican theory), after Johannes Kepler, Mysterium
cosmographicum, Chapter 14. The column of % errors is not in the original.
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of Saturn, whose inner radius is merely given as a starting point. For
Mercury a second pair of values is given: the result was so bad that
Kepler had a second try, using the midsphere, that is the sphere that
touches the edges of the polyhedron. The second column shows what
the outer radius of the inner orb (the insphere) would be if the inner
radius of the outer orb (the circumsphere) were set at 1000. This kind of
scaling is usual in astronomy at the time. It provides a way of avoiding
fractions and effectively allows one to work to one’s chosen number of
significant figures. The third column shows the sizes of the relevant radii
as calculated from the values given by Copernicus in De revolutionibus.
The fourth column gives the absolute differences between theoretical and
observational values. The fifth column, of percentage errors, is my own
addition, made because it comes naturally to wonder about them. Kepler
does sometimes consider proportional errors rather than absolute ones.
(The idea of percent belonged to low-life ’practical’ mathematics. It is
less sophisticated than the astronomers’ scaling procedure.)
Kepler’s conclusion is that the agreement is fairly good, but not as
good as he hoped. The fact that Mercury appeared to be giving trouble
could easily be put down to the notorious difficulty in making good
observations of the planet. However, this table is not the end of the
matter. It used orbs whose common centre was the centre of the orb of
the Earth. This is the centre of Copernicus’ planetary system. The Sun is
in the centre of the Universe, but the centre of the motions of the planets
is the centre of the orb of the Earth. Thus Copernicus’ mathematics
for the motion of the Earth is effectively an inversion of Ptolemy’s for
the motion of the Sun. This is not an entirely unhistorical reflection,
for Kepler does say that he supposes Copernicus chose this centre for
the planetary system in order not to depart too much from Ptolemy.
Kepler had great respect for Ptolemy’s work, as well as for Copernicus’,
so this sentiment is certainly not intended as an irony. Kepler proceeds,
in Chapter 15, to repeat his comparison, this time using orbs that are
spherical shells with common centre at the centre of the Sun. The new
table is much more complicated, since we are given radii for the spherical
surfaces corresponding to aphelion and perihelion distances of the planets
and the orb of the Earth is considered twice, first without the Moon,
and then including the path of the Moon in it. The words perihelion
and aphelion would have seemed much stranger to Kepler’s original
readers than they do to us. This is the first appearance of the heliocentric
planetary system. Unfortunately things are made still more complicated,
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for the historian, by the fact that Kepler has made a mistake in his
arithmetic.18 However, it turns out that none of this matters. Momentous
though it was to make the planetary system heliocentric, this does not
much affect the agreement between theoretical and observational values
for the dimensions of the orbs. It is, of course, clear that Kepler’s more
detailed treatment of the heliocentric orbs indicates that he takes this
system to be the true one. But he thinks the agreement between theory
and observation is obviously not to be considered entirely satisfactory.19
Today, a cosmologist would think a level of agreement between
theory and observation like that in the Mysterium cosmographicum
was startlingly good. Kepler did not, but his reaction was otherwise
absolutely what one would expect of a theoretician in the twentieth
century: he suggested that better observations would improve matters.
In search of those observations, he chose to go to Prague to work with
Tycho. The rest, as they say, is History. However, not all of it is entirely
well known history, since one does sometimes come across the assertion
that Kepler abandoned his polyhedral archetype.
In our own time, we tend to look for astronomical or astrophysical
consequences of a cosmological model. For instance, the hot Big Bang
gave a much-needed explanation for the observed metal abundances in
the outer layers of old stars. Cosmology belongs with astronomy in our
intellectual map. In historical terms, Kepler is, of course, partly responsible for this fact. However, his own cosmology did not spring entirely from
Platonic philosophy and Copernican astronomy. Kepler’s predecessor in
writing a mathematical cosmology was Claudius Ptolemy. The title of
Ptolemy work, Harmonica, might make one expect it to be entirely about
music, but then the same might be thought of Kepler’s Harmony of the
World. The similarity is no accident: Kepler tells us that he is setting out
to write a modern, that is astronomically correct, version of Ptolemy’s
18
This is discussed in detail by Aiton in his notes to the translation by Duncan
(full reference in note 12 above). See also Field, Kepler’s Geometrical Cosmology
(full reference in note 1 above), Chapter 3.
19
This is not true. Once he has found elliptical orbits, the orbs are defined as before
by means of spherical surfaces, centred on the Sun, with radii equal to the perihelion
and aphelion distances of the planet concerned. In The Harmony of the World, the
polyhedra are made responsible for the chief features of the arrangement, the number
of planets and their approximate spacing, while fine-tuning (as it were) is provided by
the musical ratios that the Creator established between the extreme motions of the
planets. These ratios also determine the thicknesses of the orbs. For this cosmological
model the agreement with observation is generally around the 1 % level.
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treatise. At the time he wrote the Mysterium cosmographicum, Kepler
had not yet managed to find a copy of Ptolemy’s Harmonica, though it
had in fact been printed, in Latin translation in 1562.20 When Kepler did
find out about this edition, and obtained a copy of it, he rapidly decided
it was unreliable, and set about obtaining a Greek manuscript.21 The
unsatisfactory nature of the surviving Greek text may have discouraged
Kepler from his project of including a translation of Ptolemy’s Harmonica in his own treatise. In any case, even when he wrote the Mysterium
cosmographicum, Kepler must have known something of the content of
Ptolemy’s Harmonica, for his own treatise, while it concentrates more
closely upon astronomy than Ptolemy’s does, none the less also deals
with astrology and with music. Astrology, the study of the effects of
heavenly bodies on the Earth, such as the supposed effect of the Moon
in causing the tides, was widely regarded as the practical or useful part of
astronomy. One of its best established uses was in weather forecasting,
sometimes by casting a horoscope for the year, which was deemed to
be born at the moment of the Spring equinox. Kepler complained that
Rudolph II expected detail ed political forecasts, which he (Kepler) did
not consider could be made reliable.22 Heavenly bodies were believed to
exercise their power particularly strongly, or particularly weakly, if the
angles between them, as measured along the Zodiac, had various special
values, such as 90◦ , 60◦ and so on. Ptolemy relates the arcs corresponding
to these angles to the ratios of string lengths that correspond to particular musical intervals. The mean motions of the planets are also related
to the musical ratios. In his Harmony of the World, Kepler ends up with
a much more complicated scheme than Ptolemy’s, but in the Mysterium
cosmographicum he simply attempts to apply his polyhedral model to
astrological and musical results as well as astronomical ones. He deduces
the ’known’ (that is accepted) astrological character of each planet, by
relating it to the polyhedron which is nearest it in the direction towards
20

Ptolemy, Harmonica, translated by Antonio Gogava, Venice, 1562. For a
history of Ptolemy’s text, and a complete annotated translation of it, see Andrew
Barker, Greek Musical Writings, 2 vols, Cambridge, 1984, 1989, vol. 2, Harmonic
and Acoustic Theory.
21
See Ulrich Klein, ’Keplers Bemühungen um die Harmonieschriften des Ptolemaios und Porphyrios’, Johannes Kepler Werk und Leistung, Linz, 1971, 51–60.
22
On Kepler’s astrology, see Gérard Simon, Kepler astronome astrologue, Paris,
1979; and J. V. Field, A Lutheran Astrologer: Johannes Kepler, Archive for History
of Exact Sciences, 31, 1984, 189–272 (the second part of this paper includes a
translation of Kepler’s De fundamentis astrologiæ certioribus, Prague, 1602).
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the Earth. He suggests that musical ratios are found by the divisions
made in an equator of the circumsphere of each of the solids. In his
correspondence, in the period immediately following the publication of
the Mysterium cosmographicum, Kepler shows himself to be particularly
dissatisfied with his lack of success in regard to the musical results.
We know from much later evidence that he was also dissatisfied with
his attempt to relate the periods of the planets to their distances, but
that was a problem on which he seems, properly speaking, to have made
no progress. He simply tried series of different ’laws’ and found them
wanting. Indeed he found the true law wanting when he first tried it, but
later found it to agree so closely with values deduced from observation
that he thought he must be assuming the truth of what he was trying
to prove.23 One is not quite sure whether to count the final success with
the period law as due to luck or due to Kepler’s almost incredible habits
of perseverance.
Perhaps we should not be celebrating Kepler’s Mysterium cosmographicum as the first mathematical cosmology, since Ptolemy’s Harmonica
is also mathematical. The huge difference between the works relates
rather to the level of accuracy with which the authors appear to be
content. Ptolemy does not really have a concept of error in quite the
same sense as Kepler was to develop one in connection with his work
with Tycho’s observations. Ptolemy presumably recognized, however,
that his cosmological results were not very exact. Kepler, on the other
hand, seems to have a curiously strong faith in the power of mathematics
to preserve accuracy. A good course on numerical analysis would have
taught him otherwise. In the New Astronomy (1609) he assumes that
if the original observations were exact to 5’ then the predictions of
the orbits derived from them must be equally good. In cosmology, he
assumes that since he is using these very exact orbits he has found from
Tycho’s observations, then the agreement of the resultant theory with
other observational values, such as the ratios between extreme speeds
of the planets, must be equally exact. As it turned out, this rather
unreasonable hope was fulfilled. One can only speculate what Kepler
might have done had he not been able to achieve this satisfactory degree
of agreement between theory and observation. It does indeed appear
that in his cosmology as in his astronomy the test of agreement with
23
Johannes Kepler, Harmonices mundi libri V, Linz, 1619, Book 5, Chapter 3,
p. 189, reprinted in KGW, vol. 6, p. 302, lines 17–20.
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observation was of paramount importance. In his astronomy we find
him ruthlessly jettisoning hard won results because they conflict with
Tycho’s observations of positions of Mars. He would presumably have
done the same with his cosmological theories, had the same necessity
arisen. However, it did not arise, so in his cosmological writings Kepler’s
philosophical prejudices are writ large for all to see. His intellectual
descendants share only some of them.
One of the ones they do share is one of the most important to Kepler:
the conviction that the Copernican system is correct. Kepler saw the
success of his mathematical cosmology as a vindication of Copernican
astronomy. As he wrote to a friend in 1598:
It is enough honour for me that while Copernicus officiates at
the high altar I can guard the door with my discovery.24
In fact, as we have seen, even from the first, Kepler’s version of
Copernicus’ system is noticeably different from Copernicus’ original one.
With the discovery that the planets move in elliptical orbits with the
Sun in one focus, Kepler departs even further from Copernicus, who,
for reasons connected with his physics, was very much attached to the
idea of describing motions in terms of circles. All in all, if it were not for
Kepler’s insistence that this is Copernican astronomy, it would probably
now go by Kepler’s own name. What has really changed about this
philosophical prejudice of Kepler’s in favour of heliocentric astronomy
is, of course, that it no longer counts as purely philosophical. Unlike
Kepler, we have what today are called ’physical’ reasons for supposing
the planetary system to be heliocentric. That bit of cosmology is now
entirely mathematical and scientific. As for the rest, it is not uncommon
for philosophical prejudices, or ’principles’, of a mathematical-aesthetic
kind to be as visible in 1996 as they were in 1596. Alert readers may
detect traces of some such prejudices in other essays in this volume.

24
Kepler to Herwart von Hohenburg, 26 March 1598, letter 91, lines 191–2, printed
in KGW, vol. 13, p. 193.
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Kepler’s Response to the Mystery:
a New Cosmographical Epistemology
Bryce Bennett
If we ask ourselves, on the quatercentenary of the publication of
Johannes Kepler’s Mysterium Cosmographicum 1 , why we study the man
and his works, we need look no further for an answer than the following
words, written by Albert Einstein on the tercentenary of Kepler’s death:
In anxious and uncertain times such as ours, when it is difficult
to find pleasure in humanity and the course of human affairs,
it is particularly consoling to think of the serene greatness of
Kepler. Kepler lived in an age in which the reign of law in
nature was by no means an accepted certainty. How great
must his faith in uniform law have been, to have given him
the strength to devote ten years of hard and patient work to
the empirical investigation of the movement of the planets and
the mathematical laws of that movement, entirely on his own,
supported by no one and understood by few! If we would
honour his memory worthily, we must get as clear a picture
as we can of his problem and the stages of its solution.2
In the spirit of these words, this paper will examine the formative
role of the Mysterium Cosmographicum in Kepler’s arguments for his
new astronomy. One of the most undervalued components of Kepler’s
astronomical writings is the epistemological continuity and coherence
evident in his argumentation. These systematic characteristics are
evident both in Kepler’s comments directly on the subjects of natural
philosophy and its history, and also in the methodology that is deployed
in the applied parts of his works. It will be suggested here that such
a unity of epistemological considerations is not only a common factor,
but an essential component of all that Kepler achieved in revolutionizing astronomy; to understand Kepler’s astronomy, historically and as
a whole, we must understand Kepler’s philosophy of science.
The Mysterium Cosmographicum was the first major publication
after Copernicus’ De Revolutionibus to argue for heliocentrism.3 But
with the Mysterium Kepler provided a new kind of theory of the planets. New in kind, because it was the product of the first explicit and
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thorough attempt to consistently unify the epistemological structures of
the hitherto divergent sciences of astronomy and physics.4 While acknowledging his predecessors in both of these sciences, Kepler demanded that
hypotheses of planetary motion simultaneously meet the epistemological
criteria imposed by both the geometrical science of traditional astronomy
and the causal-explanatory science of physics.
Kepler’s objective in the Mysterium was nothing less than the
development of a theory of the absolute structure of the world-system.
However, as Kepler was well aware, any argument to the true nature of
the world system must exceed the limits of both astronomy and physics
as prescribed by the contemporary interpretations of these disciplines.
Such arguments must address directly the related problems of evidential
underdetermination and empirical equivalence that had led to the prevailing demarcation of astronomy as a purely mathematical discipline,
and to the complex and varied interpretations of Copernicus’ theory.5
It was not the empirical success of Copernicus’ theory that convinced
Kepler of heliocentrism; the tables developed in accordance with the
Copernican hypotheses were not much more precise than those based on
the Ptolemaic hypotheses, and in some cases they were worse.6 Though
the empirical adequacy of astronomical hypotheses was a necessary
condition for Kepler, it was not sufficient. It was the cosmological
component of Copernicus’ writings that interested Kepler.7
In the first chapter of the Mysterium, Kepler presents a cogent
defence of heliocentrism. It is clear that Kepler considered that Copernicus, while inspired in his transformation of the centre of the worldsystem from the earth to the (mean) Sun, had failed to realize the full
explanatory benefits that a heliocentric theory might provide. According
to the theory of De Revolutionibus, though the Sun’s position is the
centre of the firmament, the centre of the planetary orbs is at the centre
of the Earth’s orb, the mean-Sun. The physical Sun has far less causal
relevance in Copernicus’ theory than in Kepler’s. To argue that the
Sun is the centre of the firmament and of the planets’ motions, and,
moreover, to argue that the Sun is the cause of the motions, are therefore
paramount tasks of the Mysterium.
Expanding on the arguments of Copernicus and Rheticus, Kepler
emphasizes the logical simplification and causal interconnectedness of the
individual planetary hypotheses afforded by heliocentrism.8 Thus, while
Copernicus is able to explain all of the same inequalities of planetary
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motion that Ptolemy explains, such as stations and retrogradations,
Copernicus explains them all with one factor, or common cause, namely
the motion of the Earth. Kepler demonstrates how it is possible that
Copernican reality can generate Ptolemaic appearances, that is, how the
appearances produced by the several motions attributed to the Earth in
a heliocentric theory are saved by various combinations of non-Earthly
motions in the geocentric theories of the ancients. Saving the single
annual motion of the Earth in Copernicus’ theory requires eleven motions
in Ptolemy’s theory. Kepler writes in the Mysterium:
. . . the motion of the Earth produces the following advantages, that we do not require three eccentric circles as in the
customary hypotheses, namely those of the Sun, Venus, and
Mercury. . . There also disappear, if this motion is assumed,
three large epicycles, those of Saturn, Jupiter, and Mars. . .
Further, on account of the Earth’s coming nearer to the planets
and going further away from them in its circle, the latitudes of
the five planets seem to admit of a certain variation; and for
Ptolemy to save this oscillation, it was necessary to establish
five other motions. . . All these motions, eleven in number, are
banished from the universe by the substitution of the single
motion of the Earth. . . 9
The diurnal motion and the precessional motion must likewise be
represented as component motions of the heavens in the Ptolemaic theory. Because the motions of the Earth in Copernicus’ theory must appear
as component motions in the hypotheses of the planets in Ptolemy’s
theory, there are differences in the number and in the kinds of motions
required to account for all of the measured inequalities, and to be
explained, by the respective astronomers.
Kepler examines the systematic differences between the heliocentric
and geocentric theories, illustrating the inconsistencies of the geocentric
planetary hypotheses. The five planets exhibit retrograde motion but the
Sun and Moon do not, a non-uniformity in appearances which is simplified by reference to a Moon whose annual motion is common with that of
the Earth about the Sun. Also, according to Kepler, the geocentrists are
unable to account for the relatively large epicycles of the inferior planets
as compared to the relatively small epicycles of the superior planets.
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This division as well is eliminated by a heliocentric determination of the
planetary phenomena. Moreover, the geocentrists cannot demonstrate
the case that the three superior planets, when in opposition to the Sun
are always on the point of their epicycle closest to the Earth. In a
heliocentric system, however, it is the motion of the Earth through the
point closest to the planet which accounts for this appearance.10
As Kepler notes, these arguments in support of Copernicus’ theory
may be criticized on sceptical grounds:
It will perhaps be objected that to some extent it can still be
said, and to some extent could once have been said about the
old tables and hypotheses, that they satisfy the appearances,
yet they are rejected by Copernicus as false; and that by the
same logic the reply could be made to Copernicus that although
he gives an excellent explanation for what is observed, yet he
is wrong in his hypothesis.11
To this objection Kepler responds:
. . . of those hypotheses which give a reliable reason for the
appearances, and agree with observation, Copernicus denies
nothing, but rather adopts and expounds them. For although
he seems to have changed a great deal in the customary hypotheses, in fact that is not the case. For it can happen that the
same conclusion follows from two suppositions which are different in species, because they are included in the same genus,
and the point in question is a consequence of the genus. Thus
Ptolemy did not derive the risings and settings of the stars from
the proximate intermediate premise of the same logical status,
Because the Earth is motionless at the midpoint.“ Nor did
”
Copernicus derive the same conclusion from the intermediate
premise, Because the Earth revolves at a distance from the
”
midpoint.“ For it was sufficient for each of them to say (as both
did) that those phenomena follow from the propositions that
there is a difference between the motions of the heavens and
the Earth, and that there is no sensible difference between the
Earth and the midpoint in comparison with the fixed stars.12
With respect to the saving of the appearances of the planets relative
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to the stars, and in the absence of measurable annual stellar parallax,
Copernicus’ theory is no more demonstrably true than Ptolemy’s. Kepler
thus acknowledges the problem of empirical equivalence that most of
his contemporaries had commonly taken as the basis for scepticism in
astronomy, that it is possible to deduce the same empirical conclusions
from different hypotheses. However, Kepler’s treatment of this epistemological problem in the Mysterium and in his other writings, indicates
his conviction that it should not be taken as a premise of sceptical
arguments concerning the limits of astronomy, but rather, that it could
be surmounted in the context of a new astronomy“.
”
A heliocentric determination of the planetary hypotheses takes the
common cause of the first inequalities to be the planet-Sun motion,
which is seen to decrease with distance from the stationary Sun, and
the common cause of the second inequalities to be the projection of the
Earth-Sun motion onto the heliocentric motions. Even Brahe, who does
not accept the truth of physical heliocentrism, admits this common cause
argument for heliocentric planetary determinations. Kepler states that
Brahe:
. . . entirely disagreed with Copernicus on the position of the
Earth, yet retained from him the point which gives us the reasons for matters not hitherto understood, that is, that the Sun
is the centre of the five planets. For the proposition that the
Sun is motionless at the centre is a more restricted intermediate
premise for the derivations of retrogressions, and the general
proposition that the Sun is in the centre of the five planets is
sufficient.13
Hence, even if the issue of the absolute motion or immobility of the
Earth is ignored, the motions of the other planets are more coherently
ordered by reference to the Sun than to the Earth. Both the theories of
Copernicus and of Brahe, although they are contraries with respect to
the motion of the Earth, share the same general geometric proposition
concerning the centre of the planets’ orbs, and are therefore empirically
equivalent with respect to it. But, by virtue of this same fact, either of
these theories is to be chosen over the theory of Ptolemy.
According to this position, Kepler claims that Ptolemy does not
demonstrate the motions of the planets from false hypotheses, but
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commits the fallacy of considering that which happens because of the
genus, that is, the relative angular positions of the Sun, planets, and
stars, happens because of the species, that is, the geocentric hypotheses.
Kepler admits that a similar criticism will apply to the hypotheses
of Copernicus, and hence that geometrical demonstrations alone are
insufficient to decide between the geocentric and heliocentric hypotheses.
Kepler is here justifying a radical departure from traditional geometrical
astronomy to an astronomy that includes physics and cosmography. This
position will similarly be found in Kepler’s Apologia pro Tychone contra
Ursum 14 , in more general terms, and again, in the Astronomia Nova 15 ,
as underwriting his reasoning to the new astronomy.
The difference between two empirically equivalent theories, Kepler
argues, is to be found in the physical implications of their respective
hypotheses. In this respect, the Copernican hypotheses of planetary
motion may be seen to be far superior to the alternatives. For the
Copernican hypotheses exhibit a consistency in the ordering of motions
and distances that is not possible in any geocentric theory. Only this
ordering is commensurate with the various true motions that would be
caused, as Kepler suggests in the Mysterium, by an emanation from the
Sun.
In addition to the geometrical advantages of Copernicus’ theory over
Ptolemy’s, Kepler proposes that, reasons are supplied for a great many
”
other matters for which Ptolemy for all his many motions could give no
16
account“. Kepler states:
the old hypotheses simply do not account at all for a number of
outstanding features. For instance, they do not give the reasons
for the number, extent, and the time of the retrogressions, and
why they agree precisely, as they do, with the positions and
mean motions of the sun. On all these points, as a magnificent
order is shown by Copernicus, the cause must necessarily be
found in it.17
For Kepler the primary virtues of the Copernican theory are the
systematic coherence of its individual planetary hypotheses and the commensurability of these systematically related hypotheses with physical
causes:
. . . for the things at which from others we learn to wonder, only
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Copernicus magnificently gives the explanation, and removes
the cause of wonder, which is not knowing the causes.18
Kepler extends beyond Copernicus the scope of physical heliocentrism when he submits in the final chapters of the Mysterium that the
heliocentric speeds of the planets’ motions are in an inverse relation
to their distances from the physical body of the Sun, both for each
planetary orbit with respect to the others and for each planet within its
respective orbit.19 Qualitatively, a planet moves more slowly the further
from the Sun it is situated. Kepler and Copernicus were not the first to
attempt to relate the motions of the planets to their distances from the
centre of the world-system. Aristotle supposed that the more distant
planets must necessarily have longer periods because they have a longer
path to travel.20 Ptolemy concurred with this position.21 But, as Kepler
notes, a geocentric planetary theory cannot consistently accommodate
this principle. In geocentric theories, the saving of appearances requires
that the motions that account for the second inequalities of the planets
must all be ascribed identical periods. Hence, only the first inequality
follows the principle; the periods of the planets in the second inequalities
cannot increase with distance from the center. Copernicus’ theory, on
the contrary, is fully consistent with the principle of increasing periods
being in relation to increasing distance from the centre of the worldsystem. This follows from the fact that in the Copernican theory the
second inequalities are not true motions of the planets, but rather are
appearances caused by the motion of the Earth, which itself is consistent
with the principle. But, aside from its reference of the planetary motions
to the mean-Sun rather than the physical Sun, Kepler considered Copernicus’ version of this principle incomplete; Copernicus did not apply it
to each planetary body at varying positions in its path. The dynamical
explanation of planetary motion that Kepler is able to develop upon the
basis of physical heliocentrism is historically without precedent. The
distance-delay principle, that the time interval or ’delay’ required for
the planet to traverse some constant angle in heliocentric longitude is
proportional to its distance from the Sun, which is predicated on the
truth of physical heliocentrism, is introduced in the Mysterium and
developed extensively in the Astronomia nova.22
Thus Kepler proposes in the Mysterium that geometric heliocentrism has determinate physical corollaries. The introduction of the absolute motion of the Earth, while inconsistent with Aristotelian physical
Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

55

principles, immensely simplifies the true motions of the other planets.
Since the second inequality is regarded as being caused by the Earth’s
motion, the divisions between retrograde and non-retrograde planets and
those with relatively large epicycles and relatively small ones are eliminated. While the heliocentric hypotheses may be empirically equivalent
to geocentric hypotheses, they are physically more coherent.
Kepler articulates the full philosophical implications of this multiply-grounded logic of heliocentrism. He rejects the interpretation of
De Revolutionibus, suggested by Osiander in his famous preface to
that work, by confronting the charge, also propounded by Ursus, that
Copernicus’ hypotheses may be false and yet produce such calculations as will save the appearances. Here Kepler is addressing directly
the problem of evidential underdetermination, the fact that geometric
celestial appearances may be consistent with more than one physical
interpretation. Arguing against those who cite examples of the deduction
of true conclusions from false premises, Kepler states:
The conclusion from false premises is accidental, and the nature
of the fallacy betrays itself, as soon as it is applied to another
related topic — unless you gratuitously allow the exponent
of that argument to adopt an infinite number of other false
propositions, and never arguing forwards and backwards to
reach consistency. That is not the case with someone who
places the Sun at the centre. For if you tell him to derive from
the hypothesis, once it has been stated, any of the phenomena
which are actually observed in the heavens, to argue backwards,
to argue forwards, to infer from one motion to another, and
to perform anything whatever that the true state of affairs
permits, he will have no difficulty with any point, if it is
authentic, and even from the most intricate twistings of the
argument he will return with complete consistency to the same
assumptions.23
Hence, Kepler’s response to the problem of underdetermination in
astronomy is to extend the scope of permissible demonstrations, so that
theories of the same genus are no longer equivalent in species, while
maintaining the demand for the consistency of the conclusions of such
demonstrations with themselves. With this type of argument Kepler
seeks to establish the relevance to astronomy of coordinative relations
56 Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

that make geometrical hypotheses physically determinate. Although
two hypotheses may merit the same degree of confidence with regard to
the saving of appearances, the introduction of physical distinctions will
render the hypotheses different; different in ways, which although not
directly comparable to empirical evidence, are relevant to an astronomy
that includes physics and cosmography. This type of argument is seen
in more general and explicit terms in the Apologia pro Tychone contra
Ursum, where it is identified as the principle of linking of syllogisms“,
”
and again in the Astronomia Nova, where it is applied.
Kepler calls himself a follower of Copernicus, and this is accurate
insofar as he adopts the Copernican tenets of the immobility of the sun
and the multiple motions of the Earth. But the central epistemological claims of the Mysterium Cosmographicum are far more historically
divergent than the term ’Copernican’ would indicate.24 The scope of
the arguments in support of heliocentrism is vastly expanded by Kepler.
For he realizes that a consistent unification of the principles of physics
and astronomy, and the subsequent constraining of hypotheses to these
combined principles, is the means of distinguishing the true form of
the world from those that are true in respect to appearances only.
The epistemological criteria involved in the linking of syllogisms“ and
”
the demand for physical correlates to geometrical hypotheses“ ensure
”
that this unification is manifest in the heliocentric theory that Kepler
proposes.25 These criteria of linked syllogistic logic and of physically
determinate hypotheses not only allow Kepler to demonstrate the logical
advantages of heliocentrism over geocentrism in comparative geometric
simplicity, but also allow him to show that the assumption of physical
heliocentrism can support a causal theory of the world-system in a manner unlike any alternative theory. Furthermore, these epistemological
criteria underwrite the remarkable methodological achievement of the
Astronomia Nova, where the criteria are applied to the determination
of the true motion of the planet Mars.
The epistemological arguments of the Mysterium Cosmographicum
are codified in the later Apologia pro Tychone contra Ursum. The first
chapter of the Apologia, provides Kepler’s response to scepticism in the
form of a critique of the arguments of Ursus’ Tractatus.26 Ursus charges
that astronomical hypotheses are to be considered generally as falsities.
He supposes that all astronomical hypotheses contain unreasonable assumptions and that true hypotheses cannot, in fact, be established. He
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states that it is a requirement in astronomy that hypotheses be fabricated
from feigned or false suppositions“ only such as they may yield the
”
appearances of the celestial motions.27 Arguing from the fact that it is
possible to derive true conclusions from false premises, Ursus supposes
that astronomical hypotheses are a means of calculation only, and denies
that astronomy is concerned with the truth of hypotheses in any other
respect than this.
Kepler’s response to the sceptic is predicated on constraining the
epistemological requirements that are sufficient to warrant the truth of
hypotheses. In the Apologia, Kepler argues that the truth of astronomical hypotheses is, in addition to empirical adequacy, dependent on both
their logical and physical inter-coherence. In contrast to Ursus claim
that astronomy is concerned with the attempt to elicit truth from false
”
suppositions“, Kepler proposes that astronomy is concerned with the
attempt to elicit true conclusions from true suppositions. Kepler states:
We hold whatever there is in our conclusions to have been
established as true. Besides, for the truth to be legitimately
inferred the premisses, that is, the hypotheses, must be true.
For only when both hypotheses are true in all respects and have
been made to yield the conclusion by the rule of the syllogism
shall we achieve our end — to reveal the truth.28
At minimum, Kepler supposes, observations, considered as premissed
hypotheses, must be true:
The fact is that observation of the celestial motions guides
astronomers to the formation of hypotheses in the right way,
and not the other way around.29
Also evident in the arguments of the Apologia is the relation between
the geometrical and physical aspects of hypotheses. Kepler employs this
relation to refute Ursus’ contention that some contrary hypotheses, such
as the Ptolemaic and the Copernican hypotheses, may be geometrically
equivalent, so that there is no more truth ascribable to one than the
other. In restricting the domain of astronomical hypotheses to geometry,
that is, the saving of appearances alone, Ursus disallows any criterion
for distinguishing truth from falsity in the case of geometric equivalence.
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Kepler, however, rejects Ursus’ basic claim, that is, that geometric
equivalence implies equivalence simpliciter . Kepler proposes that there
is no hypothesis whether simple or complex:
. . . which will not turn out to have a conclusion peculiar to
it and separate and different from all the others. Even if
the conclusions of the hypotheses coincide in the geometrical
realm, each hypothesis will have its own peculiar corollary in
the physical realm.30
Kepler states of Ursus’ scepticism, . . .on this view the Earth will
”
neither be moved nor stand still; for Ursus will acknowledge both as
hypotheses“.31 Kepler’s subsequent claim is that some hypotheses are
to be considered as true, that is, as giving an account of true nature of
the world. Moreover, Kepler says, these are the hypotheses with which
astronomy is concerned.
While Kepler concedes that it is logically possible to generate true
conclusions from false hypotheses, he argues that this is not a probable
occurrence, and that astronomy should certainly not be dependent on
such an occurrence for its truth in general. Kepler refers in this discussion to his earlier work, the Mysterium, stating:
If an error has crept into one or another of the premissed
hypotheses, even though a truth may be occasionally obtained,
nonetheless, as I have already said in the first chapter of my
Mysterium Cosmographicum, this happens only by chance and
not always, but only when the error in one proposition meets
another proposition, whether true or false, appropriate for eliciting the truth.32
After providing a specific historical example of this meeting of errors
from Copernicus’ De Revolutionibus, Kepler continues:
. . . false hypotheses, which together yield the truth once by
chance, do not in the course of a demonstration in which they
have been combined with many others retain this habit of
yielding the truth, but betray themselves. Thus in the end
it happens that because of the linking of syllogisms in demonstrations, given one mistake an infinite number will follow.33
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On this account, the conclusion of a valid syllogistic demonstration
involving the concatenation of many independent syllogisms is more
probably true than a conclusion which has not been subjected to the
same
constraints. This argument from the linking of syllogisms“ constitutes
”
a focal epistemological thesis in Kepler’s argument against scepticism.
Many salient examples of this principle may be had from considering
the eleven motions in Ptolemy’s hypotheses that Copernicus banished
”
from universe“ by referring the second inequalities of the planets to the
Earth’s motion about the Sun. On Kepler’s account of syllogism linkage,
since each of these appearances is caused by the motion of the Earth,
each can be regarded as an independent measure of the orbit of the
Earth. Similarly, if the orbit of the Earth is assumed, the appearances
of the other planets provide measures of their own true motions. These
inferences are fully consistent with the demand stated in the Mysterium
that the astronomer must be able to derive any of the phenomena
”
which are actually observed in the heavens, to argue backwards, to argue
forwards, to infer from one motion to another, and to perform anything
whatever that the true state of affairs permits“.34 In principle, each of the
eleven apparent motions which Ptolemy had imparted to the planets can
be used as a measure of the true motions which are inferred from them
and which, reflexively, are said to cause these same apparent motions.
The Astronomia Nova may be regarded as an extended application
of the theory of hypotheses as proposed in the Mysterium and the
Apologia. Kepler provides numerous and varied arguments based on
his principle of the linking of syllogisms“ in both the refutation and the
”
confirmation of astronomical hypotheses, and also considers the physical
implications of these various hypotheses.
The Astronomia Nova is replete with examples of linked demonstrations. In chapter twelve, of the Astronomia Nova, Kepler employs
two independent methods to calculate the positions of the line of nodes
of Mars’ orbit, that is, the line formed by the intersection of Mars’ orbit
with the plane of the orbit of the Earth about the Sun.35 Kepler’s
arguments for physical heliocentrism are supported by the fact that
the line of nodes, thus determined, passes through the body of the
sun. Similarly, in chapter thirteen, three independent methods are used
to calculate the inclination of Mars’ orbit with respect to that of the
Earth.36 Kepler shows that when the inclination is referred to the sun,
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it assumes a constant value. Thus, in generating empirical support for
heliocentrism, Kepler applies the epistemological criteria discussed in the
Mysterium and the Apologia.
In chapter nineteen of the Astronomia Nova, triangulations on the
observed latitudes of Mars are employed to force the hypothesis vicaria
of chapter sixteen to betray“ itself. In chapter twenty, the observed
”
longitudes of Mars are employed likewise. Then, in chapters twenty-two
through twenty-nine, these same appearances are used to refine the orbit
of the Earth.37 Here again, the criteria adduced in the Mysterium and
Apologia are applied.
In chapter twenty-one the epistemology of the Astronomia Nova
is made explicit in philosophical arguments concerning the truth of
astronomical hypotheses. Here, as in the Mysterium and the Apologia, Kepler addresses the criticism that false hypotheses may yet yield
true conclusions. He proposes that truth be identified not just with
the accuracy of hypotheses in terms of their ability to save particular
appearances, but also with the consistency of those hypotheses amongst
themselves. An astronomical hypothesis which, within the accuracy of
the observations, accounts for both heliocentric longitude and latitude,
is, by such a criterion, more probably true than two separate hypotheses,
one for each measure. Thus, if an hypothesis which saves heliocentric
longitudes over time is found to be inconsistent in also saving distances
over time, it is thereby more probably false than an hypothesis that
is consistent in saving both measures. This is Kepler’s reasoning in
rejecting of the hypothesis vicaria of chapter sixteen of the Astronomia Nova.38 For, although this hypothesis gives very precise values for
heliocentric longitudes, the heliocentric distances calculated from the
hypothesis are in error relative to those which can be triangulated from
observation, and by more than can be attributed to uncertainties in the
observations themselves. Such reasoning is directly commensurable with
Kepler’s discussions in the Apologia regarding the use of the linking of
”
syllogisms“ to impugn hypotheses so that they betray themselves“.
”
If the distances of the planet in its orbit are a criterion by which
astronomical hypotheses are claimed to be true, then the hypothesis
vicaria is false, and yet it produces the heliocentric longitudes to within
the uncertainties in the observations. Kepler denies in the Astronomia
Nova that this is an instance of a false hypothesis yielding a true
conclusion.39 Two distinctions are proposed. First, the heliocentric lonActa historiae rerum naturalium necnon technicarum
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gitudes produced by the hypothesis vicaria are not necessarily true, they
are only known to be true to within the uncertainties in the observations.
Second, the hypothesis vicaria is true only as regards its applicability to
heliocentric longitudes over time, and not, in fact, as regards distances
over time. While Kepler employed the hypothesis vicaria to calculate
values of heliocentric longitudes throughout the Astronomia Nova, his
objective is an hypothesis whose truth is not constrained to only heliocentric longitudes. The hypothesis vicaria, then, is correct in genus, but
not in species.
It is clear from chapter twenty-one of the Astronomia Nova that
Kepler considers the truth of astronomical hypotheses to obtain in both
the empirical accuracy of the hypotheses with respect to their individual
observable measures as well as the consistency of such hypotheses with
respect to the physical space of angular position and radial displacement.
For Kepler both of these components of the truth of astronomical hypotheses are essential. Physical considerations such as those adduced
in the Mysterium and the Apologia thus figure prominently in the
reasoning employed by Kepler in the Astronomia Nova. In particular,
the consideration of the observable planetary longitudes and latitudes
and their relations, through various astronomical hypotheses, to physical
distances may be regarded as an application of the physical corollaries
to geometric hypotheses which Kepler distinguishes in these writings.
Epistemologically, the arguments of chapter twenty-one are the crux
of the Astronomia Nova. Having proposed general criteria to which the
truth or falsity of hypotheses are subject, and having demonstrated the
inconsistencies of the hypotheses of the ancients relative to such criteria,
in the subsequent chapters of the Astronomia Nova Kepler explicitly
desists in his imitation of the ancients“.40 It should be evident, however,
”
that even in the earlier Mysterium Cosmographicum it is only in respect
of particular geometrical configurations proposed as hypotheses, and not
the epistemological arguments proposed for the qualification of their
truth or falsity, that Kepler is in imitation of the ancients“.
”

62 Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

Quotations
1

Kepler,J̇.: Mysterium Cosmographicum. Tübingen 1596.

2

Einstein, A.: Kepler. First published in Frankfurter Zeitung, Frankfurt, 1930,
trans. Essays in Science, 1933.

3

Copernicus: De Revolutionibus. Nuremberg 1543, trans. Rosen, E.: On the
Revolutions, Johns Hopkins University Press, Baltimore, 1978. See Gingerich, O.:
Kepler and the New Astronomy, in Quarterly Journal of the Royal Astronomical
Society, vol. 13, 1972, pp. 346–360.

4

See Koyré, A.: The Astronomical Revolution, trans. Maddison, R. E. W., Cornell University Press, Ithaca 1973., Part 2.

5

See Gingerich, O.: From Copernicus to Kepler: Heliocentrism as a Model and as
Reality. Proceedings of the American Philosophical Society, vol. 117, 1973, pp.
513–522.

6

See Kozhamthadam, J.: The Discovery of Kepler’s Laws. University of Notre
Dame Press, Notre Dame 1994, p. 132.

7

See Gingerich, O.: Kepler as a Copernican. In Johannes Kepler, Werk und
Leistung, Katalog des Oberösterreiches Landesmuseums, vol. 74, Linz 1974, pp.
109–114.

8

Kepler, J.: Mysterium Cosmographicum, p.13, see Duncan, A. M.: The Secret of
the Universe, Abaris Books, New York 1981, p. 75.

9

Ibid., p. 15, pp. 79–81.

10

See quot. 4, pp. 136, 137.

11

See quot. 8, p. 13, p. 75.

12

Ibid., p. 14, p. 77.

13

Ibidem.

14

Kepler, J.: Apologia pro Tychone contra Ursum, trans. Jardine, N.: The Birth
of the History and Philosophy of Science: Kepler’s ’Apologia pro Tychone contra
Ursum’, Cambridge University Press, Cambridge 1984.

15

Kepler, J.: Astronomia Nova. Prague 1609, trans. Donahue, W.: New Astronomy.
Cambridge University Press, Cambridge 1992.

16

See quot. 8, p. 16, p. 81.

17

Ibid. pp. 13–14, pp. 75–77.

18

Ibid. p. 13, p. 75. See also quot. 6, p. 127.

19

See quot. 8, chap. 15, 20, 22.

20

Aristotle: De Coelo, Lib. II, chap.10.

21

Ptolemy: Almagest, IX, 7.

22

See Kepler, J.: Mysterium Cosmographicum, chap. 22, and Astronomia Nova,
ch. 32-36.

23

See quot. 8, p. 13, p. 75.

Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

63

24

See quot. 4.

25

See Jardine, N.: The Birth of the History and Philosophy of Science, p. 140 and
pp. 141f.

26

Ursus, N.: De Hypothesibus Astronomicis Tractatus. Prague 1597.

27

Ursus, N. Tractatus, sig. Biv, v., trans. Jardine, N.: The Birth of the History and
Philosophy of Science, p. 42.

28

See quot. 14, p. 266v and Jardine, N., l.c. quot. 14, p. 89, p. 139.

29

See quot. 14, p. 269r, and Jardine, N., l.c. quot. 14, p. 92, p. 144.

30

See quot. 14, p. 268r, and Jardine, N., l.c. quot. 14, p. 89, pp. 141–142.

31

See quot. 14, p. 269r, and Jardine, N., l.c. quot. 14, p. 92, p. 144.

32

See quot. 14, p. 267r, and Jardine, N., l.c. p. 89, pp. 139–140.

33

See quot. 14, p. 267r, and Jardine, N., l.c. p. 89, p. 140.

34

See quot. 8, p. 13, p. 75.

35

See quot. 15, pp. 216–220.

36

Ibid., pp. 221–231.

37

Ibid., pp. 281–293, pp. 305–362.

38

Kepler, J.: Astronomia Nova, trans. Donahue, W.: New Astronomy, pp. 281–
293, Koyré, A.: The Astronomical Revolution, pp. 179, Small, R.: An Account
of the Astronomical Discoveries of Kepler, London 1804, reprint, University of
Wisconsin Press, Madison 1963, pp. 189–196, Stephenson, B.: Kepler’s Physical
Astronomy, Springer-Verlag, New York 1987, pp. 45–47.

39

Stephenson, B.: Kepler’s Physical Astronomy, p. 47.

40

See quot. 15, authors introduction.

64 Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

Kepler, the Ultimate Aristotelian
A. E. L. Davis
We are here for the quater-centenary of Kepler’s Mysterium Cosmographicum, but just for this session I should like to celebrate the
publication of Epitome Book V, 25 years later.
To set out some background, I have recently demonstrated that
Kepler’s derivation of the first two laws of planetary motion in Astronomia Nova did not depend on anything complicated in the way of the
geometry of the ellipse — in particular not on knowledge of Apollonius
— but was based simply and soundly on Euclidean geometry (I shall
return to this aspect later). Each of those laws in turn is associated
with one component of the orbit of an individual planet which I define
as curve + time-measure. Law I states the elliptic path that answers the
question: what is the position of the planet at a given time? while Law
II states the area-representation of time that answers the question: when
is the planet in a given position? What is illustrated (in Figure 1) is the
macro-sector swept out by the planet P at an intermediate point of its

Fig. 1

The elliptic orbit
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orbit, which represents the combined solution to both questions that was
reached in Astronomia Nova. Only when we want to analyze the actual
motions will it be necessary explicitly to involve micro-considerations:
that problem did not arise until a decade later, and is not my concern
here, anyway.
I believe that it was the exact correlation of the two relationships,
as set out here, via the common angle, which convinced Kepler that he
had discovered the solution to the problem of determining the planetary
orbit — one which he found so satisfying that nothing thereafter would
have changed his mind. His route to this discovery has been discussed
elsewhere (see Davis 1992C).
Nevertheless, it was characteristic of Kepler to want to provide proof
— and today I shall present to you an account of how he actually
succeeded in doing so. This is entirely new to the extent that I am
not aware of any previous attempt to explain how Kepler achieved the
amazing reconciliation of a traditional Platonic belief in the perfection
of planetary motion in circles with his conviction that the Sun — fixed
at the centre of the world — was the source of all motion. This required
him to extend a theory of causes from the terrestrial to the celestial
situation — and to that extent to update Aristotelianism.
The essence of the Aristotelianism that I now attribute to Kepler is
simply an interpretation of motion — other people will know far more
than I do about further aspects of Kepler’s Aristotelian beliefs. Subject
to the following provisos, I emphasize that Kepler’s Aristotelianism was
based on the traditional tenet that motion was equivalent to the force
producing it.
Firstly, I use the term ’motion’ throughout to indicate that it is
circular motion that is always intended — indeed Kepler never employed
linear velocity in orbit in an astronomical context (for the obvious reason
that he knew too little about any subsequent proposed orbit to be able
to do so) — as I have established elsewhere, in my analysis of Astronomia Nova (see Davis 1992A). Secondly, Aristotle made a fundamental
distinction between ’violent’ and ’natural’ motion. Kepler adapted this
to his own approach by supposing that violent motion was exclusively
due to a force applied externally to a planet in isolation. On the other
hand, natural motion was envisaged as inherent in all planets and could
be only intensified by applying a supplemental force in order to overcome
the resistance to motion (which arose from the physical characteristics
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of each particular planet). Obviously, it is the former situation, relating
to an individual planet, that we shall be concerned with here — while
I hope to return to the concept of resisted motion, in connection with
Kepler’s synthesis of the planetary system and his formulation of Law
III, after further research.
ARISTOTELIAN v. NEWTONIAN VERSIONS
OF ’LAWS OF MOTION’
VERSIONS OF ’LAWS’

ARISTOTELIAN
INTERPRETATION

NEWTONIAN
INTERPRETATION

zero velocity
(rest)

zero acceleration
(uniform motion or rest)

II Properties of force
(a) Force measured by. . .
(b) Direction of force in. . .

specific velocity
direction of velocity

specific acceleration
direction of acceleration

III Action. . .

through contact alone

equal and opposite to reaction

I ’Inertia’
Zero force produces. . .

Note
According to Aristotle, motion could be classified either as ’violent’ (due to an
external force) or as ’natural’ (an inherent property of the body). Kepler envisaged
that the motion of a ingle planet would be produced by an external force (transmitted
through the Sun’s rays) and therefore we will be concerned here with violent motion
alone. (Natural motion is associated with Law III, the planetary system, not to be
considered in the present context.)

In order to highlight the incompatibilities between (Kepler’s version
of) the Aristotelian and the Newtonian approach, I have set out a comparison of the two versions of the ’laws of motion’ in a tabulation. The
first law is similar in that zero force produces zero effect in both cases,
while the third law exhibits a total contrast since action at a distance
certainly had no place in Aristotle’s conceptual scheme. Here I shall
concentrate on the working of Aristotle’s analogue to Newton’s second
law of motion, in view of its demand that motion in orbit must be due
to a push (or pull) of precisely the right amount, in precisely the right
direction — that is, along the path. This, of course, suggests an animate
moving agent — just what Kepler intended to eliminate from astronomy.
But it was not that easy.
It is this matter of direction which provides the key. The fact that
the centre of coordinates (at the Sun) is always eccentrically placed —
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whether the orbit is elliptical or even circular — has the consequence of
preventing the direction of motion (that is, of the tangent) being related
to the Sun-planet line (the radius vector) by geometrical (Euclidean)
means (as shown in Figure 2); and there is no link by which the motion
can be made to depend on a force exerted by the Sun. Kepler came to
the only conclusion which does not violate common sense: he assumed
that the Sun’s rays hit the planet perpendicularly and drive it in an
exact circle round the Sun as centre. (This may give rise to some rather
frivolous deductions about the perfect smoothness of the Sun’s rays —
and the necessity of assuming an idealized planet as well.)

Fig. 2

The components of velocity.

I emphasize that this is the only force involved in the Keplerian
scheme and that it entails action by contact as expected. The motion
produced is circular, about the Sun as centre, strictly perpendicular to
the Sun-planet line. Some groups of mathematicians call this direction
transverse and some call it trans-radial: it does not matter, of course,
except only that one must clearly distinguish either from the tangential
direction.
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Next to consider the amount of the force. In the title to Ch. 32 of
Astronomia Nova, and subsequently in that book, Kepler stated that the
Sun’s force weakens inverse-linearly — the strength of the rays reduces
with distance, which again seems eminently sensible (and this must apply
to the equivalent motion as well).
The trans-radial motion itself is validated mathematically from an
increment-ratio involving the angle β (again), whose origin I have identified in Astronomia Nova Ch. 32. By the end of that work, as we know,
Kepler had established that the orbit was a Sun-focused ellipse, and for
that curve uniquely there is an exact geometrical relationship which is
given in both Epitome and Harmonices Mundi . These two expressions
in combination enable one by modern methods to derive a formula which
can be recognized as equivalent to the Newtonian version of the area law,
as I have confirmed elsewhere.
Hence the cause of Law II is a force transmitted through the rays
of the rotating Sun acting perpendicular to their length (that is, transradially), whose effect is inverse-linearly proportional to the distance
from the Sun. To achieve this Kepler invented the axial rotation of
the Sun a few years before this was independently established from
telescopic observations by Galileo and Scheiner. I identify this force
as the precedent cause of all planetary motion.
The mathematical foundation for this treatment is set out in Epitome V, I, 4, where there is a near-perfect proof of Law II of which I am
hoping to publish an analysis shortly.
Now we switch to account for Law I. This is the relationship regulating radial distance that modifies the circular motion round the Sun
and turns the path into an ellipse as required — a lesser effect, which
will therefore entail a cause of lower status. There is no way that this
effect can be produced by an Aristotelian force because, although the
Sun is capable of exerting radial influence, it cannot repel as well as
attract; nor, crucially, can it be expected to effect the particular planets
in a way specific to each — bearing in mind that the eccentricities of the
individual planets are entirely random (as Kepler himself pointed out in
Epitome IV, III, 3).
Hence Kepler was obliged to propose a non-force. He was stimulated
by Gilbert’s De Magnete (1600) to adopt the suggestion that the Earth
itself was a giant magnet, and then most fruitfully to extend the idea to
all (six) primary planets. He put this into practice by assuming that at
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the core of each planet was a bundle of fibres which were permanently
magnetized in a preselected direction. This entailed the strange but just
feasible situation that the Sun had the same polarity all over its surface
and the opposite polarity at its centre, as stated in Epitome IV, III, 3.
In operation, the Sun was supposed to emit an unlimited amount of
magnetism which activated the planetary fibres in the radial direction
alone, to stimulate them to move the planet towards or away from the
Sun (as if performing motion under constraint). Mathematically this
necessitates carrying out a resolution (in the radial direction) which will
inevitably introduce a cosine-factor. But Kepler was aware even in Astronomia Nova that the change in radial distance demands a sine (there
was a potential second-order defect in the alignment of the planetary
fibres according to whether the direction should be measured by angle
or angle — but since that was sorted out in the end I shall not go into it
here). The conflicting requirements are reconciled by taking the cosine
of the complement of the angle that regulates the radial distance, which
explains how Kepler came to decide that the fibres had to be directed
perpendicular to the line of apsides, not parallel to it as one might have
expected (see Figure 3). And to complete the account one must also

Fig. 3

The direction of the magnetic fibres of the planet.
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suppose that the fibres of each planet possess a characteristic capacity
for assimilating the Sun’s magnetism, which, on Kepler’s behalf, we will
call their magnetic potency (fortitudo). This of course is proportional
to the individual planet’s eccentricity e, since the amount of magnetism
assimilated governs the elliptic shape.
Hence for Law I the immediate cause is the inherent magnetic
structure of each individual planet, consisting of a set of fibres permanent
aligned perpendicular to the line of apsides, which is activated by the
magnetism emitted by the Sun as remote cause.
The mathematical foundation for this treatment of Law I is set out
in Epitome V, I, 1 and 2. It contains a number of apparent difficulties
and inconsistencies which have been clarified in my thesis Elucidation.
In particular there is the second-order discrepancy mentioned above,
which I have altogether ignored — because it vanishes when subjected
to modern analysis.
These two causes taken in conjunction constitute what I define as
Kepler’s physical hypothesis for a single planet with respect to the fixed
Sun — therefore, Kepler’s solution to the one-body problem. (This was
in fact the simplified situation considered by Newton in the early part of
Principia I — the two treatments are comparable in some respects up
to Proposition XV.) I hope that this account will indicate the existence
of a dichotomy between Kepler’s tentative views on physical causes in
Astronomia Nova, and their mature expression in Epitome. If so, this
should serve as a reminder to historians that mathematicians (like other
expert groups) will inevitably increase their knowledge throughout their
life and sharpen their opinions as the result of developing technical
competence, not merely change their minds like ordinary people. This
was certainly true of Kepler — though unfortunately too few historians
have recognized that fact.
Now taking an overall view of the Keplerian framework, it is evident that Kepler carried the Copernican approach to the extreme, by
referring everything to the Sun, which he regarded as the home of the
Deity. (This is why Kepler could not contemplate any mutuality of
action between the Sun and the planets — the Sun had to remain
fixed and immobile at the centre of the world.) And I have provided
further compelling evidence — in Davis 1992D — for my conviction
that gravitation made no contribution whatsoever to the motion of the
primary planets. Despite the prominence given to the concept in the
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Introduction to Astronomia Nova, Kepler treated it, both there and
everywhere else it was mentioned, purely as a local effect between the
Earth and the Moon.
It should be clear from what I have said so far that Kepler was
initiating the resolution of motion into independent perpendicular components. It is wellknown that Galileo found a conic section, the parabola,
by combining vertical and horizontal components of terrestrial motion;
it seems probable that Kepler’s analysis of an ellipse, by separating
its radial and trans-radial components of motion, took place more-orless simultaneously, in the quite distinct celestial context. Nor is there
any indication that Kepler derived this technique from Archimedes: On
Spirals, though he certainly had access to this work, via the Commandino
edition of 1558, to which Kepler made precise reference whenever appropriate throughout his writings.
I have not yet explained how one can be fairly certain that this
is what Kepler intended. The compelling justification, in my opinion,
is the fact that resolution into radial and trans-radial components is
demanded by the Euclidean tradition in which he was trained at the
University of Tübingen. Not only did Kepler follow the accepted custom
of citing propositions from Elements where necessary to validate his reasoning but I have demonstrated elsewhere that he applied the Euclidean
method in Astronomia Nova actually to construct the typical points
of his proposed paths stage by stage. This enabled him to dispense
with any dependence whatsoever on the Conics of Apollonius (I have
checked all Kepler’s astronomical work and have found in it nothing
that he could not have derived from his own Euclidean knowledge —
his optical work, however, is a different matter and he was certainly
familiar with propositions from Apollonius). It is my conviction that
Kepler displayed an aversion to the idea of the tangent to an ellipse,
believing it to be ’ungeometrical’ and therefore utterly unsuited to the
perfection of celestial motion.
I must finally vindicate my assertion that Kepler was successful in
proving the two laws of motion of a single planet — to the extent that
agreement with a framework of theory constitutes proof. Of course he
invented his framework of causes after the event, to fit the motions that
had already been quantified — but it may seem to you that Kepler’s
mainly mechanistic explanation could have been considered by his contemporaries just as reasonable as Newton’s action at a distance.
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We can now appreciate that there was a window of less than 50
years before Newton’s total synthesis. No-one previously had had the
motivation to create a system of ’celestial physics’ based on a judicious
use of Aristotelian principles. Yet this is what Kepler achieved.
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Kepler’s Use of Archetypes
in his Defense against Aristotelian Scepticism
Rhonda M. Martens
In 1621, looking back over an impressive career, Johannes Kepler
commented that, almost every book on astronomy which I have pub”
lished since that time could be referred to one or another of the important
chapters set out in this little book (the Mysterium cosmographicum),
and would contain either an illustration or a completion of it“.1 Kepler
viewed the Mysterium, his first book, as the genesis of his later works;
here I will focus on the conceptual foundations it provided for his approach to physical astronomy. Of particular interest is the relationship
between Kepler’s physical astronomy and the Aristotelianism dominant
during his time. It turns out that despite Kepler’s avowedly Platonic
and Pythagorean sympathies, his physical astronomy comports with
Aristotle’s directives in the Posterior Analytics. Perhaps paradoxically,
his archetypal cosmology as expressed in the Mysterium enabled the
merging of Platonic and Aristotelian intuitions in his construction of the
new astronomy.
I. The Aristotelian Challenge to Astronomy
The corpus Aristotelicum, though no longer the authority in the sixteenth century that it was in late medieval times, was still the foundation
of official university curricula.2 Schmitt suggests that despite various
challenges to Aristotelian philosophy, the lack of equally extensive and
systematic alternative approaches to natural philosophy inhibited its
1
Johannes Kepler, The Secret of the Universe. Trans. A. M. Duncan with
notes by E. J. Aiton, New York, Abaris Books, 1981. Originally titled Prodromus
Dissertationum Cosmographicum, continens Mysterium Cosmographicum, 1596, 39.
Hereafter cited as MC . Unless otherwise stated, the references to the Mysterium are
to Kepler’s original publication, rather than to his notes annotated in 1621.
2
This was the case for Tübingen, Kepler’s alma mater. Though some of Kepler’s
teachers, notably Andreas Planer and Michael Mästlin, were well acquainted with
neoplatonism and Copernicanism. See C. B. Schmitt, Philosophy and Science in
Sixteenth-Century Universities: Some Preliminary Comments, in The Cultural Context of Medieval Learning, J. E. Murdoch and E. D. Sylla (eds.), Dordecht-Boston,
D. Reidel, 1975.
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overthrow.3 As a result, Aristotle’s natural philosophy was taken as
the alpha, though not the omega, of approaches to natural philosophy.4
In Kepler’s time there was cause to be concerned about the status of astronomy. Available were competing astronomical hypotheses,
observationally equivalent5 and hence, apparently unadjudicable. The
empirically adequate hypotheses then extant were, moreover, incompatible with Aristotle’s physical6 account of the heavens. A ready analysis of
this problem was provided by the Posterior Analytics in which Aristotle
proposed that knowledge is produced through the study of essences, and
is best presented as a series of demonstrations whose terms all advert
to the same genus and the essential properties of the objects from the
perspective of that genus.7 Geometrical astronomy, on this conception,
could not provide knowledge about the actual motions of the celestial
bodies since the geometrical study of movement does not advert to the
essential characteristics of bodies in motion.8 The physical study of
motion, in contrast, could provide knowledge about the motion of bodies,
and as a result, conflict between physical and astronomical hypotheses
was to be ruled in favour of the physical. In addition, since astronomy did
not provide knowledge about planetary motion, it lacked the resources
to adjudicate between competing hypotheses.
Kepler’s response to the problem of observational equivalence was
3

Ibid. 489.
One should bear in mind that Aristotelianism in the Renaissance was not
homogeneous, and was often blended with elements from Neoplatonism, Christianity
and other traditions. See C. B. Schmitt, Aristotle and the Renaissance, Harvard
University Press, 1983; W. A. Wallace, Traditional Natural Philosophy in The Cambridge History of Renaissance Philosophy, C. B. Schmitt, Q. Skinner, E. Kessler,
J. Kraye (eds.), Cambridge University Press, 1988; P. O. Kristeller, Renaissance
Thought and its Sources, Columbia University Press, 1979.
4

5
Strictly speaking, the Copernican hypothesis was not observationally equivalent
in principle to the Brahean and Ptolemaic hypotheses since the Copernican entailed
annual stellar parallax.
6

The term ’physics’ for Aristotle, and for Kepler, included what we would today
call metaphysics (i.e. the study of the essential nature of the heavens).
7
Aristotle, Posterior Analytics in The Works of Aristotle, trans. W. D. Ross,
Clarendon Press, 1947, 71b10-25, 73a22-74a3, 75a38-b20. Hereafter the books of
Aristotle will be cited individually.
8
For Aristotle, mathematics and physics are distinct in that mathematics is the
study of form in abstraction from matter, whereas physics is concerned with both the
form and matter of changing objects. As a result, the subject matter, the method of
study, and the kinds of results expected differ between the two disciplines. Posterior
Analytics 79a8-12, 81b4; Physics 193b22-194b15; Metaphysics 1036a4-13.
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to argue that although competing astronomical hypotheses might be observationally equivalent, they could be adjudicated between on physical
(i.e. physical and metaphysical) grounds.9 This suggestion was not without precedent. Physical considerations traditionally had been used as
constraints on the acceptability of astronomical hypotheses (e.g. requiring that planetary motion be resolved into uniform circular motion).10
construct an astronomy both consistent with physics and empirically adequate, however, was unusual. As Jardine notes, by Kepler’s time many
had resolved the conflict between physics and astronomy by invoking
the Aristotelian claim that geometrical astronomy is an inappropriate
method for discovering physical causes. Thus astronomy was acceptable
insofar as it was empirically adequate, but did not provide knowledge of
planetary motion. Astronomy, viewed as a merely predictive discipline,
did not need to be consistent with accepted physical principles.11 The
use of physics in astronomy, then, though not prohibited by Aristotle,
was ruled out on Aristotelian grounds. Thus Kepler’s approach was in
conflict with the Aristotelianism of his day.
In addition, Kepler’s mathematical physical astronomy was prima
facie in conflict with Aristotle’s Posterior Analytics. Kepler’s goal was to
give celestial physics both a mechanistic treatment and a mathematical
representation.12 This involved the mixing of three traditionally distinct
9
Apologia pro Tychone contra Ursum (hereafter, Apologia), trans. N. Jardine
in The Birth of History and Philosophy of Science: Kepler’s A Defense of Tycho
”
Against Ursus“ with Essays on its Provenance and Significance, Cambridge University Press, 1984, 141–142. This is only part of Kepler’s response; see Jardine for a
more detailed discussion, 211-224.
10
See Pierre Duhem for a discussion of a history of the use of physical principles
as a foundation for astronomy; To save the Phenomena: An Essay on the Idea of
Physical Theory from Plato to Galileo, trans. E. Doland and C. Maschler, The
University of Chicago Press, 1969. At times Aristotle characterizes astronomy as a
branch of mathematics close to physics. Physic 194a7; Metaphysics 989b32.
11
This is a description of what Jardine refers to as the moderate“ position. For
”
a more fine grained analysis of the responses to the conflict between Aristotelian
physics and astronomy see Jardine, op. cit. note 9, 232–241.
12
My goal is to show that the heavenly machine is not a kind of divine living
”
being but similar to a clockwork in so far as almost all the manifold motions are
taken care of by one single absolutely simple magnetic bodily force, as in a clockwork
all motion is taken care of by a simple weight. And indeed I also show how this
physical representation can be presented by calculation and geometrically.“ Letter to
Herwart von Hohenburg, February 10, 1605, quoted in Max Caspar, Kepler . Trans.
C. D. Hellman (ed.) with a new introduction and references by O. Gingerich, New
York, Dover Publications, Inc., 1993, first published in 1959, 136.
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disciplines: celestial physics, mechanics and mathematics. Aristotle
warned against mixing disciplines together; qualities that are essential
to the kind studied by one discipline may be accidental to the kind
belonging to another discipline.13 Some disciplines could be mixed
provided that the principles used were common to both. Optics, astronomy, harmonics and mechanics were listed by Aristotle as acceptable
mixed disciplines;14 mathematical celestial mechanics, however, was not.
The mechanistic treatment violated Aristotle’s celestial / terrestrial distinction, the mathematical representation violated Aristotle’s injunction
against the use of mathematics in physics.15 As mentioned before, mathematics could not yield knowledge in the study of dynamics, according to
Aristotle, since quantitative characteristics are not essential to bodies undergoing change. Consequently, it appears that Kepler failed to answer
the sceptical challenge to astronomy, at least by Aristotle’s standards.
Granted, Kepler indicated his allegiance to Plato and Pythagoras,16
and as a result might not have considered the Aristotelian challenge,
either in its original form or in its Renaissance derivatives, as one he
needed to answer on its own terms. Nonetheless, he still needed to
provide an account of the relationship between mathematics and the
physical world. Though Kepler, following Plato, believed the world to
be structured by eternal archetypes, he also believed the corporeal world
to be equally real and capable of being known. By the time he wrote
the Astronomia, Kepler believed that a complete celestial physics would
provide an efficient causal account in mechanical terms. Consequently,
he needed to explain how mathematical models could represent physical
forces. In what follows I will outline the role Kepler’s archetypes played
in his defense both of his combination of mathematics and physics, and
13

Posterior Analytics 75a27-75b2.
Posterior Analytics 76a23-25; each of the listed disciplines was mixed with
mathematics.
15
Commentators differ on whether Aristotle’s discussions of the differences between mathematics and physics imply a ban on the use of mathematics in physics,
or merely a mild warning. For the former interpretation see J. Kozhamthadam, The
Discovery of Kepler’s Laws: The Interaction of Science, Philosophy and Religion.
Indiana, University of Notre Dame Press, 1994, 57, 275; for the latter see S. Drake,
Kepler and Galileo“, in Kepler: Four Hundred Years. Visitas in Astronomy 18, ed.
”
A. Beer and P. Beer, Oxford, Pergamon Press, 1975, 239.
16
See Kepler’s letter to Galileo on October 13, 1597; Johannes Kepler, Gesammelte Werke, edited by W. V. Dyck, M. Caspar, F. Hammer, Munich, Beck, 1937–,
vol. XIII, 145. Hereafter cited as KGW .
14
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of mathematized physics as capable of describing celestial forces. First,
I will briefly describe the place of Kepler’s archetypes in his cosmology.
II. Kepler’s Cosmology
Kepler’s archetypal hypotheses seem a historical curiosity. To view them
in their proper light, however, it is important to note that his views were
similar to those of his neoplatonist contemporaries. Kepler’s innovation
in the Mysterium was to view the archetypes as responsible to empirical
testing and as capable of supporting astronomical hypotheses. His
innovation in the Astronomia was to use them as a means of supporting
physical hypotheses.
Archetypal models, or models based on first causes, explain why
the universe is the way it is. To use Aristotelian language (as Kepler
often did) archetypal explanations provide an account of formal and final
causes, rather than of efficient or material causes.17 Kepler’s God is a
Platonic God, an aesthetician and a geometer, who created the physical
universe to express aesthetically pleasing geometrical constructions.18
Since God is a mind, God’s reasons for creating the universe are based
on ideas, ideas of quantity in particular.19
For Kepler, pure archetypes are distinct from geometrical archetypes.
Pure archetypes are in their simplest divine state of abstraction, even
”
from quantities themselves, considered in their material aspect“.20 To
express the archetypes, God created matter:

if we know the definition of matter, I think it will be fairly
clear why God created matter and not any other thing in the
beginning. I say that what God intended was quantity. To
achieve it he needed everything which pertains to the essence
17

MC , 55.
As Kozhamthadam notes, Kepler’s idea of God was open to modification in
response to empirical results. When it became apparent in the Astronomia nova
that the polyhedral hypothesis was insufficient to account for the moving bodies,
Kepler’s God became a musician as well; op. cit. note 15, 22.
19
By quantity, Kepler meant shape, number and extension; MC , 95.
20
MC , 125; this quote is from Kepler’s annotated notes in 1621. Kepler saw
himself as expressing more perspicuously what he already believed in 1596. My
reading of chapters II and XI are in agreement with his self-assessment.
18
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of matter; and quantity is a form of matter, in virtue of its
being matter, and the source of its definition.21
The archetypes are final causes in their divine state, formal causes in
their material state. God created physical forces such that the movements of bodies would express the archetypes.22 Consequently final,
formal and efficient causes correspond. 23
As the result of this conception of God, Kepler viewed the universe
as three-tiered, the geometrical linking the physical to the archetypal by
serving as a spatial translation of the divine. Thus the levels represent,
or mirror, each other in architectonic harmony“.24
”
The conception of different levels of reality was not novel, nor was
the notion that a relationship of symbolic representation held between
the levels. Plato’s doctrine of participation is a forerunner of this
view and many Renaissance theorists followed Plato by postulating an
architectonic harmony, where the corporeal is in harmony or sympathy
with the divine.25 For Kepler, however, the mirroring between levels
of reality is more direct, or more faithful, than it is for theorists like
Plato or Kepler’s contemporary Robert Fludd.26 Kepler did not view
the corporeal as any less real than the archetypes. In the Mysterium he
21
MC , 93. Notice the distinctly Aristotelian interpretation of a Platonic cosmology (i.e., that quantity is separable from matter only through the mental act of
abstraction; cf Aristotle’s Physics, 193b32-35).
22
MC , 123.
23

MC , 93-95, 123.
Jardine’s term for the harmonic relation between the different levels of reality,
op. cit. 9, 252: see also Westman for a discussion of Kepler’s three-tiered universe
(Westman uses the term ’microcosmic harmony’ to refer to the harmony between
the different levels), R. S. Westman, Kepler’s Theory of Hypothesis and the ’Realist
Dilemma’ , Studies in the History and Philosophy of Science 3, (1972), 233–264.
24

25
We see this view exemplified in Marsilio Ficino (1433-99), Pico della Mirandola
(1463-94), Robert Fludd (1574-1637), and others.
26
For Fludd, the essential nature of the universe, which was composed of
Pythagorean abstract numbers and Platonic geometry, was not directly mirrored
by the observable world. The observable world, the world of the vulgar, had to be
transcended if one was to have true knowledge of essences. Part of the Kepler-Fludd
controversy focused on this point; for Kepler, any account of essences must be responsible to observation if it is to be about the real world: see W. Pauli, The Influence of
Archetypal Ideas on the Scientific Theories of Kepler , in The Interpretation of Nature
and the Psyche, New York, 1955, 147–240; and R. S. Westman, Nature, Art, and
Psyche: Jung, Pauli, and the Kepler-Fludd Polemic, in Occult and Scientific Mentalities in the Renaissance, edited by B. Vickers, Cambridge University Press, 1984.
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claimed that, prior to the creation of the heavens, matter was created
with quantity.27 This is echoed strongly in the Apologia, where Kepler
called those who favour abstract forms over the corporeal deluded“
”
because matter is the one and only thing after God“.28 The results of
”
considering both the archetypal and the material to be ontologically real
and valuable as creations of God are that empirical data are trustworthy
and archetypal hypotheses are testable.29
Like others of his days, Kepler believed that the divine blueprint
of the universe was reflected in human beings, that the human mind
is rational in the way God’s is, though to a lesser extent. For Kepler
this meant that the mind has a priori powers which can be used to
apprehend the archetypes. Once one knows the archetypal structure,
one can deduce the natural properties of the planets from immaterial
”
things and mathematical figures“.30
Though one can in principle directly grasp the nature of the
archetypes, confidence in an archetypal hypothesis, given human limitations, is warranted only when one has obtained several types of evidential
support.31 First, an archetypal model must fulfil certain aesthetic
criteria (simplicity, elegance, etc.).32 Kepler viewed the diversity of
the universe as unified by a relatively small set of archetypes. As a
result, secondly, one has good reason to believe that one has uncovered
an archetype if one can identify the same pattern in various aspects
of nature. Identifying such patterns was Kepler’s purpose in drawing
analogies between the polyhedra, astrology, numerology and musical
concords.33 By drawing these analogies, he considered the polyhedral hypothesis to be rendered plausible.34 An archetypal model must, thirdly,
be empirically adequate, and it is in chapters XIII through XV that
27

MC , 67.
Apologia, 156.
29
It is difficult to discern whether, for Kepler, the geometrical level is ontologically
real and distinct from the archetypal and material. Kepler’s comment that God
created matter in order to create material quantity suggests that it is not; MC , 93.
30
MC , 123.
31
Kepler does not articulate a list of criteria; this is a brief rational reconstruction
of his method as used in the Mysterium.
32
MC , chapters III to VII.
33
MC , chapters IX to XII; see J. V. Field, Kepler’s Geometrical Cosmology,
London, The Athlone Press, 1988, 61–63.
28

34

MC , 149.
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Kepler turned to the task of empirically justifying his against distances
generated by means of the Copernican hypothesis. But the support is
mutual. Given the architectonic harmony between the archetypal and
the physical, Kepler also used the polyhedral model as support for the
Copernican hypothesis. The convergence of various hypotheses to a
single conclusion provides persuasive evidence for both the hypotheses
and the conclusion.35
It is important to note that Kepler’s views evolved between the
Mysterium and the Astronomia. In the Mysterium, Kepler attended to
empirical regularities, but not to their causal mechanisms.36 His conception of the relationship between the archetypal and physical was akin
to Plato’s conception of the relationship between the master discipline
and lower disciplines. For Plato, the principles of the various disciplines
could be inferred from the Idea of the Good.37 By the time Kepler
wrote the Astronomia, however, he conceived of the material universe in
mechanical terms, and seemed aware of the implication that one cannot
deduce the nature of efficient causes from formal or final causes. The
physical world was created to instantiate the archetypes, but this does
not determine the material and efficient means of their instantiation.
Nonetheless, as will become clear below, Kepler believed the relationship
between the archetypal and the material to be one of strict structural
correspondence. He could, as a result, use archetypal considerations to
support physical hypotheses.
III. Physical Astronomy as a Mixed Discipline
Though it seems sensible to modern minds to ground astronomy in
physics, during Kepler’s time such a move was unusual, and in needof
35
Kepler used this strategy throughout his career: see MC , 97–99, where the
polyhedral and Copernican hypotheses are used to support Copernicus’ ordering of
the planets around the sun; see AN , chapters 33-34 for converging arguments that
planetary models should be constructed around the true sun rather than the mean
sun.
36
MC , chapter XVI, XX; see B. Stephenson, Kepler’s Physical Astronomy, New
York, Springer-Verlag, 1987, 8–20. In the Apologia Kepler mentions that William
”
Gilbert the Englishman appears to have made good what was lacking in my arguments
on Copernicus’ behalf through his admirable skill and his industry in collecting
observations in the study of magnets“. 146. It is unclear whether Kepler was aware
of this lacuna while writing the Mysterium.
37
Plato, Republic, trans. P. Shorey, in The Collected Dialogues of Plato,
E. Hamilton and H. Cairns (eds.), Princeton University Press, 1961, VI, 511.
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defense, of which Kepler was well aware.38 Jardine observes that in
the Apologia, Kepler argued that astronomy is progressive, and that
its progress results from combining certain elements of physics with
astronomy.39 Kepler pointed out that Aristotle mixed physical and
astronomical principles, and commented wryly; He is, indeed, to be cen”
sured because he mixed with astronomical observations his philosophical
reasonings, which were altogether disparate in kind“.40 But Kepler’s
defense of physical astronomy was not merely an approbative tu quoque;
his view of the universe as archetypal allowed him to combine astronomy
and mathematical physics in a manner that is in fact consistent with
Aristotle’s conception of natural philosophy as outlined in the Posterior
Analytics.
In the Posterior Analytics,41 Aristotle allowed for the use of elements from one discipline in another under special circumstances. A deduction may proceed from one discipline to another provided that the
first is higher than the second, and that the principles used are common
to both (i.e. definitions and basic truths about the objects under study
must be held in common).42 At times this move was not merely permitted by Aristotle, but recommended. The goal of natural philosophy is
not just to show that something is the case, but also to explain why it
is. To explain why something in one discipline is the way it is one needs,
in some cases, to appeal to a higher discipline.43
Under this framework, the highest discipline for Kepler is the
archetypal, since it offers final and formal explanations of the construction of the universe. An inference from archetypes to another discipline,
then, would be legitimate when there is a match between structural
features of the archetypal domain and the domain of the lower discipline.
The use of archetypes in a demonstration of the formal or final features
38
Michael Mästlin, Kepler’s teacher, expressed puzzlement over Kepler’s grounding of astronomy in physics; see Mästlin’s letter to Kepler , October 1, 1616, KGW
vol. XVII.
39
op. cit. note 9, 222.
40
Apologia, 177.
41
Kepler was familiar with the Posterior Analytics; see Caspar, op. cit. note 12, 33.
42
Posterior Analytics, 75b14-21, 76a10-25.
43
Posterior Analytics, 78b35-79a16, 87a32-87b4; also, for Aristotle, the higher
discipline will depend on fewer principles, which parallels Kepler’s conviction that
the correct archetypal explanation will be simple in that it unifies diverse physical
phenomena.
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of an object considered under a lower discipline, therefore, would not
violate Aristotle’s conception of natural philosophy.
Given that all aspects of nature instantiate the archetypes, Kepler
conceived of the formal and final features of objects under various disciplines as unified, and so hypotheses from one discipline could be brought
to bear on those from another. One could, then, use physical hypotheses to adjudicate between competing astronomical hypotheses. Indeed,
since physics provides efficient explanations of astronomical phenomena,
physics is a higher discipline than astronomy. Hence it is appropriate
to ground astronomy in physics.44 Aristotle’s physics, however, was
inadequate to the task, not only because of its incompatibility with the
heliocentric hypothesis, but also because it was implausible on Aristotle’s
own terms. Kepler argued that one implication of Aristotelian physics
is that geometrical points are physical causes (for example, the heavy
is attracted to the centre of the universe).45 Not only is it implausible
to suppose that geometrical points can attract or repel matter, but,
as Kepler was well aware, Aristotle denied mathematical objects causal
efficacy.46
IV. The Mathematical and the Physical
Given the unification of disciplines under the archetypes, Kepler could
apply terrestrial physics to celestial bodies. 47
In viewing physics as unified in this way, Kepler drew on the tradition of mechanics, the theoretical and practical study of machines.
In Kepler’s time this discipline was arguably considered an acceptable
mixing of mathematics and physics.48
44

KGW . vol. VII, 23-25.
Johannes Kepler, New Astronomy, trans. W. H. Donahue, New York, Cambridge University Press, 1992. Originally titled Astronomia Nova Aιτ ιoλoγητ oσ, Sev
Coelestis, Tradita Commentariis De Motibus Stellae Martis, 1609, 54-55. Hereafter
cited as AN .
46
I suspect there was ironic satisfaction in Kepler’s criticism; see MC , 125.
45

47
This interpretation, that the final and formal features of all disciplines are
unified, only justifies the view of terrestrial physics as analogous to the celestial.
To view celestial forces as the same as terrestrial is to see the efficient causes as
unified.
48
Aristotle listed mechanics as a discipline to which geometrical demonstrations
could be legitimately applied; Posterior Analytics 76a23-25. For a discussion of the
controversy over the relationship between mathematics and mechanics during the
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Kepler’s use of analogy is telling of his acceptance of the use of
mathematics in physics. Kepler frequently drew analogies between
celestial forces and the action of levers, the behaviour of light, which
yielded to mathematical demonstrations.49 Even his term for planetary
motion toward and away from the sun — libration — is borrowed from
the term in mechanics referring to the motion of a balance. In Chapter
57 of the Astronomia, Kepler concluded that planetary libration, when
conceived as the product of magnetic forces, approaches and recedes
”
according to the law of the lever“.50 By connecting celestial physics
with mechanics, Kepler tapped into a source of previously accepted
mathematical representations of physical bodies.
Those who viewed mechanics as mathematically tractable, as Aristotle and Kepler did, needed to explain this tractability by elucidating
the relationship between mathematics and the physical world. For
Aristotle, the mathematical and physical approaches are related because
they can be applied to the same objects, though from very different
perspectives; the mathematician studies the form of material objects
as abstracted from them, while the physicist studies material objects
qualitatively.51 A corresponding distinction is found in Kepler, where
the correct mathematical description of a body matches an archetypal
model in its material form (i.e. the form of the object). For both Kepler
and Aristotle, the mathematical perspective in isolation cannot reveal
information about physical forces.52 However, mathematical demonstrations, when grounded in physical theory, are acceptable.
For the most part Kepler’s approach to mechanics in the Astronomia
was Aristotelian. He tended to base mathematical demonstrations on
qualitative theory: his argument to the sun as the primary motive force
in Chapter 33 relies on qualitative principles; the introductory discussion
Renaissance, see P. L. Rose, The Italian Renaissance of Mathematics: Studies on
Humanists and Mathematicians from Petrarch to Galileo, Librarie Droz, 1976. See
also S. Drake and I. E. Drabkin, Mechanics in Sixteenth Century Italy: Selections
from Tartaglia, Benedetti, Guido Ubaldo, and Galileo, The University of Wisconsin
Press, 1969; P. L. Rose and S. Drake, The Pseudo-Aristotelian Questions of Mechanics in Renaissance Culture, Studies in the Renaissance, 18, 1971, 65–104.
49
Optics was considered an acceptable mixed science; Posterior Analytics 76a2325.
50
AN , 559.
51
Physics 193b23-194a5.
52
Note Kepler’s conviction that astronomy must be founded on physical reasoning;
AN , 48.

84 Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

of magnetic properties in Chapters 34 and 35 is qualitative in nature;
in Chapter 39 his arguments against the possibility of epicyclic motion
depend on the inconsistency of that possibility with qualitative axioms.
These qualitative principles, though non-Aristotelian in content, do
not offend Aristotle’s conception of natural philosophy.53 Consider the
following two principles. Kepler constructed physical models on the assumption that only physical bodies can exert forces, hence his rejection of
the mean sun as a basis for planetary models, and of the epicycle model as
anything but a mathematical tool; these models involved the orientation
of a planet around a mathematical point. Kepler also believed that forces
were subject to physical constraints (e.g., when a force is spread out over
a greater area, its effect is weakened), hence the proportion between the
planet’s delay54 and distance from the sun. Both of these principles,
under Aristotle’s framework, can be construed as belonging to the same
genus under the discipline of physics.
Though Kepler began with qualitative principles, he had more success developing mathematical models of physical motion. The attempt in
the Astronomia to show that the force moving the planets was magnetic
was ultimately unsuccessful. In chapter 57, after a lengthy effort to compare magnetic properties and planetary motion, Kepler concluded that
he had been able to show only the general possibility of the proposed
”
mechanism“.55 By that time, what Kepler had was an imperfect analogy
and an elegant mathematical model of planetary motion (i.e., that the
planet librates in proportion to the versed sine of the eccentric anomaly).
Though his qualitative theory fell short, he had a route open to him that
Aristotle did not, a route which has not, I believe, been brought fully to
light. Given Aristotle’s cosmology, mathematical demonstrations in mechanics can be used only if based on solid qualitative theory; on its own,
mathematics is indifferent to physical change and hence cannot provide
information about physical motion. In contrast, given his cosmology,
Kepler had the option of attaching mathematics to either a qualitative
or archetypal theory. Unlike the mathematical, the archetypal is not
indifferent to physical change since the physical was created to mirror
the archetypal. As a result, attachment to the archetypal can reveal the
53

Stephenson makes a similar point, op. cit. note 36, 142.
The delay is the time a planet takes to traverse a given arc; see Stephenson,
op. cit. note 36, 62–63.
54
55

AN , 559.
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formal aspects of physical bodies undergoing change.
It is important to fully grasp the relationship between the archetypal, the mathematical and the physical. Archetypes do not have the
power to cause physical change. Physical change is, nonetheless, effected
for the purpose of harmonizing with the archetypal:
[Archetypes] are the cause of natural things . . . [though] I
confess that they would have possessed no force, if God himself
had not had regard to them in the act of Creation.56
As a result, though endowing mathematical models with archetypal
significance would not provide an efficient causal account, the models
would distinguish between spurious and causal regularities. While this
would not be fully satisfactory to a realist of Kepler’s stripe, it would
speak to the plausibility of the physical intuitions on which such models
are based.
Several features of a hypothesis jointly indicate whether it corresponds to archetypes: it must have aesthetic appeal; it must be expressible geometrically; and it must conform to structural aspects found
elsewhere in nature. Each of these considerations arises at various points
in the Astronomia.
For example, Kepler’s rejection of the first physically defined ovoid
model of Chapter 45 indicates a concern to connect models to archetypes.
The orbit was constructed from two principles: that the epicycle turns
uniformly; and that the motion of the planet around the sun is nonuniform, but proportional to the distances. The problem was that Kepler
could not geometrically generate the orbit. He identified the following
as the root of this problem. One cannot determine the length of the arc
traversed at a given time unless one knows the total length of the orbit.
The length of the orbit in turn cannot be determined unless one knows
the length of the arc traversed at a given time.57
This, as you see, begs the question, and in our operation we
presupposed what was being sought, namely, the length of the
56

MC , 125.
This is a gloss of Kepler’s difficulties with determining the orbit. He makes
several attempts, each unsatisfactory. One such difficulty is that he did not know
how to geometrically define the length of an arc that is not on the circumference of a
circle. AN , 462; see Stephenson’s discussion of this model, op. cit. note 36, 90–103.
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oval. This is not just a fault in our understanding, but is utterly
[sic] alien to the primeval ordainer of the planetary courses: we
have hitherto found no anticipation of such lack of geometry in
the rest of his works.58
Since it did not have a match in the geometrical domain, the ovoid
model could not comport with an archetypal account. Stephenson notes
that there is nothing physically problematic with the first ovoid model,
and that its rejection displays a greater interest in archetypal models
than in physical models.59 On my interpretation it is precisely a concern
with physical understanding that motivated Kepler’s rejection; it is the
possibility of correspondence to an archetypal model, he believed, in
virtue of which a mathematical model could represent a physical force.
My contention is that viewing his archetypal approach as an alternative
to the physical obscures the purpose of developing aesthetically pleasing
geometrical models of planetary motion, to wit, constructing the true
physical astronomy.60
When Kepler did develop a physical account of planetary libration
that matched an aesthetically pleasing geometrical model, in chapter 57,
he provided examples of the same pattern occurring elsewhere in nature
(the action of a ship’s rudder, magnetic forces). Kepler’s purpose was
twofold: to suggest the plausibility of supposing that a force could produce such variation in movement; and to indicate that the generalization
is causal rather than accidental, since the pattern’s occurring elsewhere
suggests an archetype, which in turn, is evidence for the causal status of
the pattern.
Notice that Kepler’s mathematical physics, viewed in this way, does
not violate Aristotle’s conception of appropriate disciplinary boundaries
in the Posterior Analytics, although it does violate the Aristotelianism
(viz ., the distinction between mathematical astronomy and physics)
prevalent in Kepler’s time. The inferences made are from the structure of
objects in one domain to the structure of those in another. Consequently,
58

AN , 489.
op. cit. note 36, 103.
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G. Holton also leaves one with the impression that the archetypal and physical
criteria of reality are alternatives to each other; Johannes Kepler’s Universe: Its
Physics and Metaphysics, American Journal of Physics 24, (1956), 340–351. I hope
to have made it clear instead that the two criteria of reality are used by Kepler in a
mutually supportive manner.
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the inferences are not cross-genus, since the structural properties of
all physical objects, under Kepler’s archetypal vision, share principles
with the archetypal domain. Were the inference from the structure
of the archetypes to an account of efficient causes, this would be antiAristotelian, and decidedly so.
V. Concluding Remarks
I hope to have made clear one of the ways in which Kepler’s archetypal
views both motivated, and justified his physical astronomy. I hope to
have made clear also that the archetypal structure Kepler considered
the corporeal universe to possess affords a construal of his physical
astronomy as comporting with Aristotle’s conception of natural philosophy. On this interpretation Kepler was not being disingenuous when,
in the Introduction to Book IV of the Epitome, he referred to it as
a supplement to Aristotle’s De Caelo, and compared his approach to
Aristotle’s. Kepler could justify his radically novel hypotheses within a
conservative Aristotelian framework.
I would like to thank John Thorp, Jason Holt, Bryce Bennett, and
especially William Harper for their helpful comments and criticisms.
An earlier version of this paper was presented in May 1996 at Brock
University for the Canadian Society for the History and Philosophy of
Science. Thanks to those who participated.
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Kepler’s Research Objective in the Mysterium
and their Realization in the Astronomia Nova
Abstract
Gerd Graßhoff
In his seminal work Astronomia Nova Kepler describes his struggle
to find the orbits of the planets around the sun. For Kepler, this
search is not completed by finding a mathematically sound construction
of a planetary model which satisfies the empirical data. In addition,
a true theory of planetary motion must explain the causes of the motion
in form of a physical theory. In his intense work during his time in
Prague, Kepler succeeds to introduce forces in a constructive manner
to explain planetary motion, and hereby establishes the elliptic orbit.
Kepler’s research goals and successive steps towards the formation of
the elliptic hypothesis is presented. Key elements are already present
in the Mysterium and used in a very constructive manner for Kepler’s
search for a mature planetary theory.
The historical analysis makes use of an extend convolute of manuscripts, which Otto Neugebauer left after his death. Kepler’s numerical
data are recalculated and combined with the classical geometrical models, with which he started his enterprise. His strategic options are determined, by which those models were modified and successively substituted
by improved versions until they finally satisfy both Kepler’s empirical
and physical requirements. Kepler’s pathway emerges as a methodically
guided construction process, which finally leads to the abandonment of
the family of classical epicyclic models of planetary motion.
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Kepler — Astronomer in Astrology
and Astrologer in Astronomy
Jasna Fempl-Madjarevic
The celestial sphere above us“ has interested people ever since the
”
ancient times. They used to make groups of nearby stars in the sky,
thinking that such groups made natural wholes, known as constellations.
If certain personalities, irrespective of being either contemporaries or
not, were singled out from mankind and grouped, one would get a striking phenomenon — human constellations as a kind of natural wholes.
(For example, in the field of music creation — Bach, Hendel, Heiden,
Mozart, Beethoven.) In astronomy, the following five-member group
is particularly striking: Copernicus, Galileo, Tycho Brahe, Kepler and
Newton. The lives of these personalities extend over a period of two and
a half centuries, and the creative work of one closely merged with that
of the next. This group of five fundamentally reformed the astronomic
science and changed notions about the universe. They substantially
broadened horizons to our (physical and spiritual) eyes. And while the
short-sight(ed) eyes of the people of the time hardly reached beyond our
earth armour, these magnificent five“ have opened our eyes so much
”
that we can in a meditative way see numerous suns, even in the Milky
Way and beyond.
Copernicus was, beyond any doubt, the first who enabled us to get
such an insight. However, he had still been squeezed by the complicated
mechanism of Ptolemy’s epicycles. There was a person who, after having
become certain of the perfect harmony of the cosmos, could not believe
in a multitude of small causes of the motion of the planets reflecting
Copernicus’ epicycles. It was Johannes Kepler (born on 27. 12. 1571,
died on 15. November 1631), an astrologer and astronomer, whose scientific work played a fundamental and revolutionary role in constituting
modern science at the beginning of the 17th century. His ideas were bold,
unusual for his times. They were progressive because they broke with
the centuries long tradition of preventing everything that was new in
scientific treatment of nature and in understanding the world in general.
To say it simply, Kepler was going ahead of his time.
Kepler tried to solve“ the secret of the cosmos by a geometric
”
method. However, Copernicus’ idea that by putting the sun in the center
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of the world one would get a much simpler picture of the movement of
the planets represented, speaking in terms of geometry, a great difficulty.
Because, while once observations were made from a motionless“ earth,
”
the earth had now to be put into motion and observations had to be
made from a moving“ standing place.
”
The first and most important task for Kepler was to create such
a geometrical method by which the motions, viewed from the moving
earth, could be reduced to the motion observed from a joint center — the
sun. And also, to make it possible at any point of time to determine and
calculate“, from a planet position observed from the earth, its position
”
if it were viewed from the sun. At first glance, it seems to one who is
strongly tied to mother earth to be extremely difficult to cross meditatively the infinite emptiness between the earth and the sun. Kepler
found a simple solution which was in no way simply and easily obtained.
He was persistently looking for it, for more than 20 years. It is not the
intention here to describe the way Kepler had to take while searching for
the laws on the motion of the planets. Mention will be made only of the
ideas“ guiding him to look for this way. Let us say that Kepler was a
”
divinely“ gifted mathematician, a tremendously hardworking man and
”
a persistent nature, plus a highly pedantic scientist. Had Kepler not been
characterized by any of these features, it is a big question if he would
have ever come to his conclusions. It is also a fact, shameful for the
mankind that Kepler, like many other scientists and artists before and
after him who had so enormously enriched human spirit, died in poverty.
Kepler made his Laws on revolution of the planets about the sun
on the basis of a mathematical interpretation of the observations performed by his predecessor Tycho Brahe (1546-1601). Prior to this
famous astronomer, there had been tables on the planets positions
and motion (viewed geocentrically). However, the data in these tables
largely departed from the reality. Moreover, Tycho Brahe managed to
substantially improve the astronomic instruments, and observations as
well. He was an unsurpassable observer who managed to achieve the
preciseness of his instruments 10 times greater than the existing by then
(the preciseness of up to l arc minute). Brahe gathered his observations
in a book (24 folios). There he recorded his precious scientific wealth
that longed for a mathematical interpreter. That interpreter was Kepler.
His empirical discovery, formulated in 3 laws, was the greatest discovery
one has ever come to. Although well known, let’s mention them once
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again:
1. The planets revolve about the sun in elliptic orbits. The sun is in
the joint focus of these ellipses. (1609)
2. The surfaces circumscribed in equal times by the sun-planet radius
vector are equal.
3. The squares of the time of the revolution of certain planets about
the sun behave as the cubes of large half-axes of their elliptic orbits.
( 1619 — the harmonic law).
A pure mathematician is mainly guided by the feeling for symmetry,
simplicity and generalization. By looking at Kepler’s laws he would
immediately ask several questions. Why the sun is not in the center of
the ellipse’ s symmetry, but in one of its focuses? If I long for simplicity,
I wonder what has to do the surface with the very line of the ellipse? As
if the planet in its revolution does not perform everything that lies in
itself, but also draws“ behind something else: the surface circumscribed
”
by its radius vector. Was Kepler first looking for only the relations of
the times of the revolutions, with big axes, or was he taking as well
the squares of large axes, or the cubes of both, or any other degrees?
Possibilities are enormous, and there was a multitude of numbers, so
that it is not surprising that it took Kepler 20 years of hard work to
come to the solution. Kepler derived his Laws by using very elementary
mathematical apparatus; he even did not use logarithms.
It occurs to one to ask: what is that had stimulated Kepler to
persistently search for the said laws? The answer, no matter how it
might seem surprising even to us, is: Kepler believed“ in astrology! Not
”
in the present-day meaning of the word and all kinds of its abuses one
comes across — he was an astrologer in astronomy and an astronomer
in astrology. It seems that these two components were two equal parts
of his personality. There have been attempts to prove that astrology
was important to Kepler only to the extent to which it helped him to
live on it. (Astrology, as he would say, was feeding its sister astronomy.)
However, there is a well documented evidence that prove the opposite.
(He had predicted that the winter in 1595 would be very severe, that
there would be a farmers’ revolt in Austria, which did happen. He had
made a horoscope to Wallenstein and predicted that he would come to
the highest position in the country.) However, his belief in astrology was
not primary. This is because astrology, according to him, was a kind of
manifestation of the harmony in the cosmos, and that the life of man is
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conditioned by the entire cosmos. Kepler said:
Accordingly, depending on the configuration of the rays
that come from the constellation at the time when a being is
born, will the life in the newly born flow in one or other form.
Harmony is a perfection of relations. Only the infinite“ knows
”
the harmony of the spheres in its full range. On the earth, there
is just a slight echo of that. That echo revives the earthly spirit
and makes the man more skilled in thinking and in action.
Let us say the following as well: if our current understanding of, for
example, the quantum theory, or the relativity theory, or of something
else, were in several centuries disapproved, and proved as an illusion, it
would in no way mean that such understandings we have today without
any value for the future. For scientists of the Kepler’s time, astrology was
both from the scientific and mathematical point of view as appreciated
as today is the quantum, relativity or any other theory.
Kepler had an unusual affinity for mysticism. This feature was most
clearly reflected in his first scientific work Mysterium cosmographicum
(Tübingen, 1596). He had in his conscience something that had also
been present with ancient observers of the heaven. They understood
the motion of heavenly bodies as an expression of spiritual life, and
of events taking place. While for the current astronomy Kepler’s laws
are something purely quantitative, for ancient observer the laws would
also have an additional meaning: namely, such observer would look
for an internal meaning in them. Still with such understandings in
his conscience, Kepler saw in the elliptic motion something that more
strongly expressed life than circular motion. Because the circular motion
required internal impulses that permanently change the radius. For
circular motion, such impulses are not necessary. Also, the fact that the
sun is not in the center, but in the focus of the ellipse, made Kepler see
there more live elements than in the case of circular motion. Later on,
he came to understand that the sun was the source of a force making
the planets revolve about it. However, what stimulated Kepler was the
search for harmony in the expression of life!
Ancient observers of the heaven used to speak not only about the
planet, but also about the sphere of its influence. For Kepler, the
surfaces circumscribed by radius vectors belonged, in some way, to the
planet itself. Thus, if one wishes to characterize something taking place
with the planet, it is also necessary to say something about the surface
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that belongs to the planet. This stimulated Kepler to research not only
the orbit of the planet, but also the sphere“ belonging to it.
”
Kepler’s view was that anything that has to do with the time
represents the inner life of the soul. Believing that life originates from
the constellation, he suspects that in the cosmos, as a source of life, the
time must appear at a higher grade, so that he took into consideration
the squares of the time by order of natural numbers.
This means that Kepler was, in his search for the laws concerning
the revolution of the planets, guided by the idea that harmony existed in
the universe, which the Pythagoreans had already suspected. In a way,
he wanted to bring the Pythagoreans’ understanding in harmony with
Christian ideas of his time. Already at the beginning of his research,
he was in his Mysterium Cosmographicum looking for the law on the
distance of the planets from the sun and, as it is known, his attempt
was not successful. Then he tried to reveal the secret of the cosmos
geometrically, looking for analogy between regular polyhedrons and the
spheres, circumscribed about, and inscribed in them. Kepler believed
that there were only 6 planets, because there are 5 regular polyhedrons.
He deeply believed that he had found the law of harmony of planetary
encounters. Had Kepler not searched, as early as in his Mysterium for the
harmony of the universe, he would have probably, 23 years later, come
to his 3rd law that now applies to all planets (including Uran, Neptun
and Pluto, which had not been known to Kepler), and to others, possibly
existing in another solar system, because the III. law may de deduced
from Newton’s universal law of gravity.
When Kepler later realized that the distance of the planets from the
sun did not, despite everything, coincide with the data characterizing
regular polyhedrons, his view was that the law governing 5 regular polyhedrons only offers a picture of the planet system as a whole. However,
the very revolution of the planets in their individual time intervals is
not included there. Kepler was imbued by the ideas of the Pythagoreans
and by Plato’s idealism, he also knew something about the music
”
of the spheres, unreachable to the hearing of the mortals“. Guided
by the idea about harmony, Kepler gave the title Harmonices mundi
to his work where his third law was announced. Melting“ his three
”
laws into one theorem, Kepler reversed it, and laid down the following
axiom: universal chords and harmonies were the purpose of the Creator
”
of the world, while magnitudes (determined on the basis of 5 regular
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polyhedrons), and the shape (determined on the basis of eccentricity),
are a trajectory of the means for accomplishment of that purpose“.
Kepler’s laws, if deduced from Newton’s Law of Gravity, are subject
to certain corrections. According to that Law, it turns out that a
heavenly body may move not only along an ellipse, but also by a conic
section. If Tycho Brahe’s data had been more precise, perturbing forces
in them would have certainly come into the play, and Kepler would have,
no doubt, taken that into account. However, he knew nothing about
those forces, but as they perturbate the elliptic trajectories, Kepler would
not have dared to ascertain that the planet orbits are ellipses. (It has
already been mentioned that Kepler was a pedantic researcher.) Now,
the following question simply must occur to one: Would have Kepler
made his 3 laws if he had exact data about the revolution of the planets?
The answer would definitely be: No, he would not. If Kepler could have
used the present-day computers, he would never have risked to formulate
his laws which are just the first approximation of the laws governing in
the cosmos. Today, we can freely say that it was the chance that played
its role in the discovery of Kepler’s laws, which was as important as
his scientific discovery (as the case was as well with the discovery with
Neptune and Pluto). (Kurganov — Doctoral thesis — Paris 1947.)
Let’s take into account that Newton’s Law of gravity has suffered
certain corrections in the theory of relativity. So, in the end, the
following conclusion may be drawn:
From Copernicus to Einstein, there has always been a series of
increasingly better approximations. Shall we ever come to an absolutely
precise picture about the universe? It is hard to answer this question.
If we start from Ptolemy and Hiparch, the constructed mechanism of
the world had to change over time, so that one could get an increasingly
precise picture of it. However, such mechanism has become increasingly
complicated due to these changes. With the appearance of Copernicus
the old building broke down and gave its place to a much simpler concept
according to which the sun was placed in the center. And then, Copernicus circles gave their place to Kepler’s ellipses, and these, according
to Newton, were perturbed, etc. So, one again comes to an increasingly
complicated mechanism. The problem of 3-bodies, or better to say of
n-bodies, does not result in anything simpler than Copernicus’ epicycles
were. One cannot say for sure that a spiritual hero will not appear
in the future who will demolish the present-day complicated building,
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and give a simpler idea about the cosmos. Perhaps, he will start from
some other standpoint and not the one Kepler had. Then, perhaps, will
appear other scientists who will also improve our ideas about the space,
but also make them more complicated.
Kepler’s great merit lies in the fact that he gave, on the basis of one
view of the space, just the first approximation, that are as such always
precious for our knowledge.
I would finish this presentation by mentioning Rudolf Steiner who
was analyzing Kepler’s work from the point of view of anthroposophy.
That view was very much supported by what Kepler himself had said:
I had drowned into the solar system, and it revealed itself to me; the
”
holy ritual vessels of the Egyptians I want to bring out to the modern
world.“
Needless to say, that Kepler’s link with the Egyptian civilization
through his own and Copernicus’ reincarnation could be a topic of some
other presentation.
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Kepler on Light and Sound
Alistair Duncan

Kepler is known chiefly as a mathematical astronomer, and is largely
remembered as the inventor of what are now known as three Laws
of Planetary Motion. Indeed he did propound those three laws, or
rather mathematical regularities in the motion of the planets; but as
participants at this conference realise the laws were to him only parts of
his work though quite important in themselves. He saw his achievement
as something much greater, that is the revelation of the complete mathematical structure of the planetary system, not only as God had in fact
constructed it but as God was compelled to construct it because He was
bound by the mathematical laws which He had himself laid down. Seen
in that light Kepler’s aims seem much different from those of modern
astronomers.
In another way, however, Kepler’s approach to astronomy was thoroughly traditional. In other words, he used the Greek model. In most
branches of science, the Greeks had relied on reason rather than observation, and seldom used experiments. Except in astronomy, although
mathematics was much admired it was not significantly used as a tool
for what we now call science in classical Greece.
Many centuries later medieval philosophers respected the authority of the great authorities, chiefly Greek, such as Aristotle, and accepted their statements rather than experiment for themselves. Early
modern science represented a revolutionary break with that tradition.
Seventeenth century, and some sixteenth century natural philosophers
were willing to question the authority of Greek philosophers and to
observe Nature for themselves. They were even willing to experiment
systematically, and to construct new theories on the basis of their own
experiments even if they conflicted with ancient authority. Furthermore,
they were prepared to use mathematics in interpreting their experiments
and in constructing their theories. Galileo Galilei and Isaac Newton, for
example, are representatives of that new movement, which we think of
as setting the pace for the science of later centuries.
What is seldom noticed is that astronomy was exceptional. Although it was an ancient branch of philosophy, and probably the most
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prestigious because it dealt with the heavens and the realm of the gods,
it was in several ways akin to what we conventionally call the Scientific
Revolution. Astronomers indeed respected the authorities, which for
them meant chiefly Ptolemy’s Almagest. However, it was fundamentally
different from other branches of science. Not only did it depend essentially on observation, and what is more on precise quantitative data; it
also depended on mathematical models — in the modern phraseology
— of the movements of the planets, arrived at by induction. From those
mathematical models calculations were made from which the future positions of the planets were calculated, and tables of such future positions
were produced. In those ways astronomy supplied a paradigm for the
new methods of doing science of the Scientific Revolution. In other
ways, it is true, astronomy long held to the same a priori assumptions
as Ptolemy. Astronomers before Kepler, Copernicus included, assumed
that each planet moved at constant speed round an exact circle. The
object of astronomers was to determine the parameters of that motion,
even if it was complicated by devices like equants and epicycles which
were found necessary to make the models fit the observations. Copernicus had that object too, though he was revolutionary in the one essential
and vital point in which he difered from Ptolemy, that is his belief that
it was not the Earth but the Sun which was the centre of the planetary
system, or rather ’circa centrum’ .
Yet it is clear that astronomy was an example ready to hand for
the philosophers of the Scientific Revolution to follow, in its methods
though not in the style of its assumptions. The point I wish to make
in this paper is that Kepler notably followed that example in his scientific work outside astronomy, although his objects in astronomy were
curiously conventional. He not only followed Copernicus’s revolutionary
innovation, but was also willing to challenge the ancient assumptions
that the heavenly bodies moved in perfect circles at constant speed. Yet
many of his assumptions in astronomy were more fundamentally Platonic
even than those of Copernicus.
Kepler’s work on geometrical and physical optics is well known and
has been thoroughly described, though it is by no means uncontroversial.
It arose from the needs of his work in astronomy. There were serious
discrepancies in the observations of heavenly bodies, for instance the Sun,
made by different observers. Since the precise moment when the Sun is
at the horizon and the exact timing of eclipses are naturally important
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in astronomical theory, Kepler was led to investigate the reasons for
the discrepancies, which are due to such phenomena as refraction of
the Sun’s rays. That led him further to discussion of the nature of
light and the operation of plane and curved mirrors, the discovery of
the refraction of light in the fluid of the eye to a focus on the retina,
and the means by which eyeglasses functioned. He was not, of course,
the first to investigate the laws of optics scientifically, as the title of his
book Ad Vitellionem acknowledges. He was building on the works not
only of the thirteenth century Vitellio, or in German Witelo, but also on
that of Ptolemy and Al-hazen, Nicholas of Cusa and Marsilio Ficino. His
approach has been characterized as Neoplatonic. The point is rather that
his methods of investigation are grounded on observation, experiment
and mathematical analysis. In short, he was very much in tune with
the Scientific Revolution because he applied the style of astronomical
investigation to a physical topic. That is demonstrated clearly by his
attempt to find the law of refraction. He did not succeed in finding the
sine law — after all, although he was an avid student of mathematics,
his mind would not naturally turn to sines. What is noticeable, however,
is that he did not simply turn to ancient authority but made his own
observations, and from them proceeded by induction to an approximate
formula and so to a reasonably accurate table.
I have not described in much detail Kepler’s work on optics, either
in the Paralipomena ad Vitellionem or in the later Dioptrice, in which
he worked out the principles of the telescope, because so much has been
written about it. Nevertheless, little has been written about his work
on sound. It is, of course, fundamental in his magnificent theory of the
mathematical structure of the universe. As we know, the Mysterium
Cosmographicum is his first attempt at this theory, which he dealt with
thoroughly much later in his life in the Harmonices Mundi . His belief
when he originally wrote the Mysterium Cosmographicum was that the
orbits of the planets are fixed in relative size because they would fit
exactly round the Platonic five perfect solids. Euclid had of course shown
that the ratios of the solids if inscribed one inside the other were fixed.
In Chapter XII of the Mysterium Cosmographicum Kepler explains that
the five perfect solids touch the orbits of the planets at particular points,
thus dividing them in the simple ratios which mark the main aspects,
that is astrologically powerful configurations. Further, if we think of each
orbit as a string of a musical instrument stopped at the points at which
the solids touch and straightened out, the lengths stopped off would be
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in simple proportions and so in simple harmonies with each other. Thus
if the proportion of the stopped off part of the string to the whole string
were as 3 to 1, then the shorter part would produce the note one fifth
above that of the whole string, in other words in harmony.
The main theme of the Harmonices Mundi , which is a great enlargement and revision of the Mysterium Cosmographicum, is that God
constructed the world (including, for instance, political and economic
relationships) according to a mathematical pattern based on the simple
harmonies. That applies, of course, not only to the planetary motions
and the astrological aspects but also to musical harmonies, as had
been more briefly explained in the Mysterium Cosmographicum. Thus
the whole of Book III, which is the longest, of the five books of the
Harmonices Mundi is a dissertation on musical theory. Kepler assumed,
of course, that the human soul got pleasure from musical harmonies
received through the ear, and indeed a succession of notes at melodic intervals, because the human mind perceived the ordained mathematically
harmonic relationships between the notes. The idea that the pleasurable
sounds of certain chords or tunes were culturally determined would never
have been conceivable or acceptable to him. He transcribes in notes, as
nearly as he can, the chant of what he calls the sacerdos of the Turkish
ambassador in Prague, and considers the intervals which were used in it
’remarkable, unusual, truncated, abhorrent, intervals, so that it seems
that nobody could with proper guidance from nature and voluntarily of
his own accord ever regularly contemplate anything like it’. It evidently
never occurred to Kepler to wonder what European music sounded like
to a Turkish muezzin.
A considerable space is occupied in Book III with proving that a
certain system of tuning the notes between the fundamental and the
octave above, in which he does not altogether agree with Vincenzo
Galilei, the father of Galileo, is the correct one. Kepler realizes that
instrumentalists used a tempered scale for practical purposes, but that
is not acceptable as correct. Thus his attitude in this part of his work is
fundamentally Platonic. However his painstaking calculations of exact
ratios, and even more of exact frequencies of vibration of strings for
various notes, are characteristic of an early modern astronomer rather
than of Plato. His interest in the physics of sound is certainly not
Platonic. As an example of his physical reasoning is his explanation of
resonance between strings, which only occurs when one is in consonance
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with the other.∗ The phenomenon had been observed since Aristotle’s
time, but Kepler’s explanation of it is apparently original, though partly
based on Porphyry’ commentary on Ptolemy’s Harmonics. A more
detailed description did not appear until 1677, though Galileo and Marin
Mersenne developed the beginnings of an experimental basis for the
science of acoustics. His argument in fact depends on his view that the
ears are not capable of vibrating as a string does, as Porphyry believed,
and that it is the perception by the soul of the mathematical harmonies
underlying the consonance of sounds that gives pleasure.
Kepler refers to sound by a medieval term, in fact originally Lucretian, as the immaterial emanation of the body of the string (species
immateriata corporis chordae). The same term is used for the emission
of light. Nevertheless, he is quite aware that a string gives out a sound
because it is vibrating, and that the pitch of its note depends on the
frequency of the vibration. He points out that the frequency of vibration
does not depend immediately on the length of the string which vibrates,
but on the tension of the string. That is an observation which a practical
musician is bound to make, because he has to tune his instrument —
which Kepler assume is likely to be a lute — by adjusting the tension of
the strings. I suppose that he had personal experience of playing a lute.
His explanation of the raising of the pitch when the string is tightened
is that when the string is tightened the amplitude of the vibration is
reduced and so it vibrates faster. That is not, of course, the modern
explanation which was found after Kepler’s time; but he is here seen
as an experimental philosopher trying to produce an explanation which
will explain the observations as best he can rather than to read what
Aristotle or Ptolemy had said.
If, then the emanation of one string strikes a second which is equally
tight, so that it is natural for it to move with the same frequency of
vibration as the former, than it will respond at the same note. It will
also respond, though less vigorously, if its natural speed is some simple
ratio of the former’s, such as half or twice. That is because each beat
of the former string arrives when the second string is at its maximum
amplitude, or if the frequency of the second string is a simple multiple
of the former’s then its arrival at its maximum amplitude will at least
coincide with every second beat of the former or some simple multiple.
On the other hand if the two strings are out of tune then the beat
∗

Kepler, Harmonices Mundi, Book iii, Chapter 1: K. G. W. vol. 6, pp. 106–7.
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from one string will arrive at the other as it is returning in the opposite
direction from its maximum amplitude, and will impede its movement.
Kepler in fact refers to what I have called ’maximum amplitude’ as a
’stationary point’ (cessiuncula), by which he evidently does not mean
what would now be called a ’node’ but rather the point at which a
vibrating string is for an instant stationary as it reaches its maximum
amplitude before returning to its mean position. Again, Kepler believes
that the frequency depends on the amplitude. In short, his explanation
does not quite correspond with the one now accepted, and would now
be called incorrect.
Nevertheless, he has grasped the essential point of the coincidence
of the vibrations of the two strings which resonate. My argument, then
is not that Kepler was entirely right or even entirely original, but that
he made a useful step in understanding the phenomenon of resonance by
observing and reasoning in the manner of early modern science because
he applied his training as a mathematical astronomer.
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Johannes Kepler
and his Contribution to Applied Mathematics
Franz Pichler

Introduction
The worldwide renown of Johannes Kepler is based above all on his
contribution to astronomy. The three Keplerian Laws relating to the
planets of the solar system are well known and will ensure that his
name is remembered by future generations. Besides his astronomical
work, however, Kepler also made important contributions in the fields
of theology, physics, philosophy and, last but not least, mathematics.
This paper will discuss some of the advances made by Kepler in the
application of mathematics to the solution of real life problems“. While
”
not offering new discoveries, I propose to give a concise account of
findings by such eminent Kepler scholars as Klug, Wieleitner, Caspar,
Hammer and others, paying particular attention to works published by
Kepler while he was living in Linz (1612–1628).
My aim here is to focus attention afresh on Kepler’s contribution
to applied mathematics and to hold him up as an example supremely
worthy of emulation.
Applied Mathematics
In the course of history mathematics has appeared in many different
guises and has been put to use in many areas of life. We know, of
course, that in ancient times mathematical methods were successfully
applied to astronomy, land surveying and also commercial accounting.
Alongside this there was the pursuit of pure mathematics, the study
of mathematical problems for their own sake, and in this regard the
works of Euclid, Archimedes and Apollonius bear witness to the extremely advanced state of mathematics in ancient Greece. In Kepler’s
day, pure mathematics was traditionally divided into geometry (the art
of constructing and analysing figures in space), arithmetic (the art of
computation by means of numbers) and algebra, then called Coss“ (the
”
art of computation by means of symbols [ letters“]).
”
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Kepler was chiefly interested in geometry (though only in figures
which could be constructed with compasses and ruler) and in arithmetic
(which he needed for his cumbersome astronomical calculations). He
regarded Coss“ — algebra — as being of doubtful value because in
”
his view it did not concern itself exclusively with things that really
”
exist“ ( Seins-Dinge“). He therefore avoided it, and expressed equations
”
which would normally be written symbolically, using algebraic terms, in
sentences of natural language; he also used natural language to describe
rules for computation or to define mathematical functions.
The term applied mathematics“ was not used in Kepler’s day
”
as it is today. At that time mathematics“ was understood to cover
”
all problems of whatever kind whose solution required mathematical
”
reasoning“. This can be seen most clearly in the encyclopaedic works of
the Baroque period, such as those written by the Jesuit father Caspar
Schott and, somewhat later, by the mathematician and pupil of Leibniz,
Christian Wolff. For the present discussion of Kepler, however, we will
use the term applied mathematics“ in its present-day sense, meaning
”
by it the application of (pure) mathematics to the construction of a
model for a practical problem requiring a solution, and the application
of mathematical reasoning to problem-solving. It will be seen that Kepler
did indeed practise applied mathematics“ in this sense.
”
In fact, with his emphasis on geometrical methods (because he
sought a holistic explanation of the nature of things) and his consistent
use of natural language when formulating models and describing methods of calculation, he actually anticipates the qualitative and systemorientated approaches which are used today for solving complex problems
by the methods of requirement engineering and constraint analysis,
which start out from specifications expressed in natural language.
Astronomy
It is in his early work, Mysterium Cosmographicum (Tübingen, 1596),
that Kepler makes his well-known attempt to explain the distances of
the planets from the sun by means of the mathematical model of regular
solids placed one inside another with a sphere in between each pair. He
is thus able to see our solar system, as created by God, in terms of
a mathematically beautiful model This fulfils not only the physical requirements (very approximately, as we now know), but also his religious
and aesthetic expectations.
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In his Astronomia Nova (Prague, 1609), regarded by experts in the
field as his most important astronomical work from a scientific point
of view, Kepler, taking Mars as his example, succeeds in providing
a solution to the qualitative and quantitative description of planetary
orbits which is still to this day satisfactory in terms of physics. Using
the extensive data obtained from the astronomical observations of Tycho
Brahe, Kepler was able to prove by inductive reasoning that the orbit of
the planet Mars is a perfect ellipse, and the moving radius vector of the
orbit covers equal areas in equal times (Kepler’s First and Second Laws;
Astronomia Nova, chapter 59). To prove the validity of this proposition
required an immense amount of computational work on Kepler’s part.
Kepler’s Third Law can be found in his main philosophical work,
Harmonices Mundi (Linz, 1619), which states that the squares of the
periods of revolution of any two planets are proportional to the cubes of
their mean distances from the sun.
By these three laws Kepler created a valid mathematical model for
the dynamics of the planets of the solar system which accords with the
data provided by the astronomical measurements of Tycho Brahe. It
was Isaac Newton who first succeeded in deriving all three Laws from
a single formula — the law of gravitation (Principia, London, 1687) —
and so seeing them as part of a more general law governing mechanical
systems.
Stereometry and Gauging
Kepler may also be counted, with Archimedes and Pappus, as one of
the founding fathers of the calculus of integration which later found its
final formulation with Leibniz and Newton and their invention of the
infinitesimal calculus.
He was first drawn to the subject of integration by the problem of
determining the capacity of a wine-barrel of the Austrian type, which
was done using a gauging-rod. He observed that the same method (with
the same rod) was used regardless of the shape of a particular barrel.
The volume was read off from the calibrations on the rod, which was
positioned so as to measure from a bung-hole half-way up the barrel to
the opposite edge of the barrelhead.
Kepler tackled this problem in his important book, Nova Stereometria Doliorum Vinariorum (Linz, 1615), and developed a complete
mathematical theory in relation to it. This was based on the stereometry
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of Archimedes, who had already succeeded in calculating the volume
of the sphere, spheroid and conoid, and on that of Pappus, who had
calculated the volume of rotational bodies of any shape. Kepler extended
Archimedes’ stereometry to include new rotational bodies generated by
means of conic sections — the apple“, lemon“, spindle“ and others.
”
”
”
For wine-casks in Austria, where it was the rule among coopers that the
radius of the barrelhead should be one-third of the length of the staves,
Kepler showed that the volume of the truncated lemon“ (hyperbolic
”
spindle), which can be successfully calculated, gave the best approximation. The same theory can also be used to show that Austrian winecasks (unlike for instance the Rhineland casks, where the radius of the
barrelhead is equal to one-half of the length of the staves) are maximal“,
”
meaning that the accuracy of the method of measurement is not affected
by the different shapes of barrel which result from the extent to which
the staves are bent.
Kepler’s Messekunst Archimedis (Linz, 1616) sets out the results
obtained in Nova Stereometria Doliorum Vinariorum in a popular form
and in German. In this book Kepler also introduces new German
mathematical terms (equivalents for the Latin ones) which are still in
use today. But, as F. Hammer points out, the Messekunst Archimedis
also contains important new material. Kepler presents a procedure for
calculating the content of a partly filled cask; and he also contributes to
the practical side of stereometry by a systematic treatment of different
units of measurement. He was to do further work in this latter area
in connection with the construction of the kettle of Ulm“ ( Ulmer
”
”
Masskessel“) in 1627.
Kepler’s work on the mathematics of gauging as contained in
his Nova Stereometria Doliorum Vinariorum and the Messekunst
Archimedis was to be carried further by the German mathematician
Lambert, in his Beyträge zum Gebrauche der Mathematik und deren
Anwendung, Abhandlung II, Die Visierkunst (Berlin, 1765).
Logarithms
The introduction of logarithms into mathematics by John Napier in his
Mirifici Logarithmorum Canonis Descriptio (Edinburgh, 1614) provided
a far more efficient way of performing arithmetical computation. Kepler
learned of this method very early. From his time in Prague, however,
he also knew the work of Jost Bürgi, and complained about Bürgi’s
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failure to publish his system. It was not until 1620 that the book,
Arithmetische und Geometrische Progress-Tabulen, was finally published
in Prague. Kepler, embroiled in the time-consuming calculations for his
Ephemerides Novae (Linz, 1617/19) and the preparation of the Tabulae
Rudolphinae (which finally appeared in Ulm in 1627), at once recognized
the value of logarithms as an aid to his own work. In 1619 he at last
obtained a copy of Napier’s book and immediately saw the necessity of
switching to logarithmic methods in the Rudolphine Tables. His work on
logarithms led to the writing of his own book, Chilias Logarithmorum,
which appeared, after some delay, in Marburg in 1624. The Supplementum, a manual for users of the Chilias, followed in 1625.
Through his book on logarithms and his practical demonstration
of their application in his own work, Kepler played an important role,
alongside Napier and Briggs, in making this new method widely known
and promoting its use.
Conclusion
In this paper I have attempted to indicate, if only very briefly, some
of the important contributions made by Johannes Kepler as a mathematician to the solution of practical problems. He followed tradition in
basing his mathematical theories on geometry, a branch of mathematics
which in his day — when the writings of Archimedes, Euclid, Appolonius,
Pappus and others were closely studied in the universities — was highly
regarded and pursued with great knowledge and skill. The algebraic
methods provided by Coss“ (first introduced by Vieta and his school)
”
were, as we know, largely rejected by Kepler. He considered symbols too
abstract, preferring geometrical figures.
Because today’s education places greater emphasis on algebra and
analysis (differential and integral calculus), Kepler’s approach to model
building and mathematical reasoning using the methods of geometry is
often difficult for us to understand.
Nevertheless, as I stated at the beginning of this paper, Kepler’s
methods cannot be regarded even today as obsolete. On the contrary,
the solution of complex problems such as those encountered in systems
engineering or in the ecological field requires a non-reductionist approach
both in the specification of the problems and in the defining of requirements (requirement engineering, constraint analysis).
Kepler, who strove for a mathematics of being“ ( Seinsmathe”
”
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matik“) and was sceptical of merely useful mathematics ( Zweckmathe”
matik“), offers us an early example of a system-orientated, holistic
approach which is still highly relevant today.
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Kepler’s Theory of Highly Symmetric Plane Figures and Solids
Gerhard Betsch
The main idea of Kepler’s Mysterium Cosmographicum of 1596 involves the five regular Platonic“ polyhedra. Hence it seems appropriate
”
to discuss Kepler’s considerations on, or his theory“ of regular plane
”
figures and solids. This is a key aspect of his geometrical cosmology“
”
(J. V. Field). In modern mathematics the regularity of figures and solids
is normally expressed in terms of symmetries and symmetry groups.
Although Kepler himself does not speak of symmetries, I shall apply
at some points the modern, admittedly anachronistic terminology. This
seems to be justified, because I want to present a mathematician’s view
rather than a historical discourse.
The tradition of plane regular figures and regular solids, from antiquity to Kepler’s time, and the sources of Kepler’s mathematics, have been
thoroughly investigated by Hofmann and Fields [FIELDS’79, FIELDS’88,
FIELDS’96]. Hence I will be very brief about this matter.
I am very grateful to Dr. J. V. Fields for critical remarks, and for
sending me her paper of 1996.
1. Regular polygons and polyhedra. The concept of symmetry
The various types of polyhedra have exercised a great fascination over the
”
minds of mathematicians of all ages, among them some of the greatest names
in mathematics. It has even been said that Euclid’s great work, The Elements,
was not intended so much to be a textbook of geometry in general as to be an
introduction to the five regular solids known to the ancient world. It begins
with the construction of the equilateral triangle and ends with the construction
of the icosahedron“. [CUNDY-ROLLETT, p. 77]

To begin with, we list a few concepts from elementary geometry,
which we shall frequently refer to.
The equilateral triangle, the square, the regular pentagon and the
regular hexagon are fairly well known. They are all members of the
infinite family of regular polygons; these are convex polygons with equal
sides and angles. A regular polygon may be constructed by dividing
the circumference of a circle into equal parts ( sectio circuli“); the sides
”
(edges) of the polygon are straight lines combining consecutive points
on the circle.
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A slight extension of the idea of a regular polygon is the concept
of a (regular) star polygon. Such a polygon has equal sides and angles
but is not convex. An example is the pentagram. It is formed by joining
alternate vertices of a regular pentagon. (Fig. 1)

a)
Fig. 1

b)

a) Regular Pentagon b) Pentagram

The regular polyhedra (or Platonic solids) are characterized by the
following properties:
0) they are convex;
1) the faces are regular polygons, all congruent;
2) all the face-angles at every vertex and all the dihedral angles are
equal.
Another way to express property 2) is by saying that the vertex”
figure“ formed by the lines, lying in the faces which meet at a particular
vertex, which join the mid-points of the edges meeting at that vertex, is
a regular polygon. (Fig. 2)

Fig. 2

V vertex; ABCDE vertex-figure of the vertex V .
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A regular polyhedron always has a circumsphere, containing all
vertices, and an insphere, to which all the faces are tangent.
It has been known since antiquity, that there are exactly five Platonic solids: The tetrahedron, the hexahedron (or cube), the octahedron, the dodecahedron, and the icosahedron. (Fig. 3) [Euclid, The
Elements, Book XIII, Proposition 18].
Tab. 1. The five Platonic solids
Name of regular polyhedron
a) Tetrahedron
b) Hexahedron (Cube)
c) Octahedron
d) Dodecahedron
e) Icosahedron

The faces are regular

Number of faces meeting
at each vertex

Triangles
Squares
Triangles
Pentagons
Triangles

3
3
4
3
5

Corresponding to the transition from regular polygons to (regular)
star polygons we obtain, from regular polyhedra, the concept of (regular)
star-polyhedra. There are exactly four of them. They are no longer
convex. Their faces and vertex-figures are all star-polygons, actually in
all cases pentagrams. The (regular) star- polyhedra are associated with
the names of Kepler and Poinsot and will be mentioned again in section
3. [CUNDY-ROLLETT, pp. 76/77]
Now about the concept of symmetry.
What do we mean by symmetry“ or by symmetric“? Let F be
”
”
a geometrical figure (a circle, a triangle,. . . ). A symmetry operation
of F is a congruent selfmap of F , e.g. a rotation of F unto itself, or
a reflexion, etc. For systematic reasons the trivial selfmap id, which
leaves the entire figure invariant, is taken into consideration. Normally,
not a single symmetry operation is considered, but a group of symmetry
operations (symmetry group). A set G of symmetry operations form a
group, if G has the following properties:
1) id belongs to G ;
2) if f and g belong to G, then also the composite“ of f and g (first
”
f then g);
3) if f belongs to G, then also the inverse operation“ of f (which
”
reduces the figure F to its original state) belongs to G.
(Remark. Since we are dealing only with selfmaps of a figure, the socalled associative law holds automatically.)
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a)

b)

c)

d)

e)

Fig. 3

The five Platonic Solids (Pictures and Nets)
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For instance, let F be an equilateral triangle, then the rotations and
reflexions of F into itself form a group consisting of 6 symmetry operations, which may be identified with the group Sym(3) of all permutations
of the digits 1, 2, 3.
By a highly symmetric geometric figure we mean a figure which
admits many“ symmetry operations, i.e. which has a large“ group of
”
”
symmetries.
Each symmetry group corresponds to a set of invariants, i.e. properties of the figure F left invariant by the group.
The terminology which is outlined here is consistent with the terminology in theoretical physics.
Here, symmetry is defined as the set of invariances of a (physi”
cal) system. A symmetry operation on a system is an operation that
does not change the system. It is studied mathematically using group
theory. Some symmetries are directly physical, for example reflections
and rotations for molecules and translations in crystal lattices. More
abstract symmetries involve changing properties as in the CPT theorem
(in relativistic quantum field theory) and the symmetries associated with
gauge theories“ (Dictionary, p. 471/472).
2 The cosmological system
of the Mysterium Cosmographicum
Kepler’s central questions were: What is the world. . .Why are there six
”
planets ? Why are their distances from the sun exactly such and such
? Why do they move more slowly the further away they are from the
sun ?“ (Caspar-Hellman, p. 61/62). And he was convinced, that,
in solving these questions, he would reveal God’s plan of creation. The
Mysterium Cosmographicum is the first attempt to a solution. Kepler
conceived the key idea of the Mysterium Cosmographicum on July 19,
1595, and he put it down immediately. In the preface to the reader of
the Mysterium Cosmographicum, he explains his reasoning: If, for the
”
sizes and the relations of the six heavenly paths assumed by Copernicus,
five figures possessing certain distinguishing characteristics could be
discovered among the remaining infinitely many, then everything would
go as desired“ (Caspar-Hellman, 62/63; KGW I, 13:1-4; KGW VIII,
26:10-13). But we know from Euclidean geometry, that there are exactly
five distinguished solids, namely the five Platonic solids.(Cf. section
1). And these five regular solids are the essential tools to describe the
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cosmological system of the Mysterium Cosmographicum. In Kepler’s own
words: The earth is the measure for all the other orbits. Circumscribe
”
a twelve-sided regular solid [dodecahedron]; the sphere stretched around
this will be that of Mars. Let the orbit of Mars be circumscribed by
a four-sided solid [tetrahedron]. The sphere which is described about
this will be that of Jupiter. Let Jupiter’s orbit be circumscribed by a
cube. The sphere described about this will be that of Saturn. Now,
place a twenty-sided figure [icosahedron] in the orbit of the earth. The
sphere inscribed in this will be that of Venus. In Venus’s orbit place an
octahedron. The sphere inscribed in this will be that of Mercury. There
you have the basis for the number of the planets.“ (Caspar-Hellman,
p. 63; KGW I, 13:18–23; KGW VIII, 27: 13–18). One should add: All
the spheres mentioned have the same center, and in the original 1596
edition of the Mysterium Cosmographicum, the sun is supposed to be in
the common center of the spheres. (See also Fig. 4)
Opinions on the Mysterium Cosmographicum, and its key idea in
particular, seem to be divided. Gingerich mixes praise with criticism by
saying: Although the principal idea of the Mysterium Cosmographicum
”
is erroneous, never in history had a book so wrong been so germinal in
directing the future course of science“ (Gingerich, p. 124).
My thesis is: Kepler — in the context of the astronomy of his time —
does something very modern: He derives facts proven by observation and
measurement from axioms on symmetry. For the five regular polyhedra
so essential for the Mysterium Cosmographicum are highly symmetric:
one may consider them as the polyhedra which are next to the sphere“
”
as far as symmetry is concerned. And the astronomical consequences of
Kepler’s key idea are fairly consistent with observation. Of course, this
is true only if we have to deal with a system of six planets. It does not
explain the real“ planetary system. A minor objection is: Kepler’s key
”
idea leads to circular orbits of the planets, which contradicts Kepler’s
first law, that the orbits of the planets are ellipses (Astronomia Nova,
1609).
Another aspect seems to be important: Because the five regular
Platonic solids are highly symmetrical, they have very interesting and
far-reaching geometrical properties. Kepler, as many ingenious scientists, obviously had a feeling for concepts and ideas which were highly
productive and would lead far beyond the mathematics of his time.
It is the key idea of the Mysterium Cosmographicum itself which
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leads Kepler to a thorough investigation of the five regular solids. The
ratios of the radii of circumspheres and inspheres of the Platonic solids
have to be computed, which is done — of course — mainly by repeated
application of the Pythagorean theorem.

Fig. 4

Etching from the first (1596) edition of the Mysterium Cosmographicum,
explaining the cosmological system of the book. By Christophorus Leibfried,
dated 1597.
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It is a remarkable fact that there are only three different ratios:
the ratios are the same for cube and octahedron, and for the octahedron
and the icosahedron. This fact is closely related to the duality“ between
”
certain Platonic solids (see below).
What Kepler adds to the classical theory of Platonic solids is the
following:
1) He comments on the correspondence between ratios involved in the
harmonic“ division of a string and constructions with ruler and
”
compass of simple plane regular polygons. (KGW I, 39–43).
2) He discusses relations between a regular polyhedron and another one
inscribed in it. For instance: If a regular icosahedron is truncated
by taking away two five-sided pyramids, the peaks of which are
opposite“ vertices of the icosahedron, then one obtains a prismatoid
”
which is bounded (call it above“ and below“) by two regular pen”
”
tagons (the bases of the pyramids), and on the sides by a sequence
of ten equilateral triangles. The midpoints of the side edges are
the vertices of a regular 10-gon. The sequence of side triangles, cut
along the height of one triangle, may be folded into the plane, to
form a rectangle. Etc. (KGW I, 37–39;Hofmann pp. 263/264.
Hofmann also presents sketches and further details.)
A modern consideration of the regular polyhedra (Platonic solids)
would possibly start with the following observations:
1) The midpoints of the faces of a regular hexahedron (cube) are the
vertices of a octahedron inscribed in the cube. And the midpoints of
the faces of a regular octahedron are the vertices of a cube inscribed
in the octahedron. In this way the cube and the octahedron are dual.
Any rotation of the cube is a rotation of the dual octahedron (whose
vertices are the midpoints of the faces of the cube), and vice versa.
Hence, the group of rotations of the cube unto itself, and the group
of rotations of a regular octahedron unto itself must be identical
(mathematicians say isomorphic“).
”
2) The same reasoning applies to the pair consisting of regular dodecahedron and regular icosahedron. Hence again the groups of rotations
are identical.
3) The midpoints of the faces of a regular tetrahedron again are the
vertices of a regular tetrahedron. In this sense the regular tetrahedron is selfdual.
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As a consequence of 1)–3) we have, that there are only three different
(non-isomorphic) groups of rotations of the Platonic solids. (Cf. the
statement on the ratios of the radii of circumsphere and insphere above).
Of course, Kepler does not talk on duality and groups of rotations, but
one has the feeling, that he is not too far from these concepts. A more
detailed investigation leads to the following list.
Tab. 2.
Reg. Polyhedron
Tetrahedron
Hexahedron (Cube)
Octahedron
Dodecahedron
Icosahedron

Number of faces/edges/vertices

Group of Rotations

4/6/4
6/12/8
8/12/6
12/30/20
20/30/12

Alt(4)
Sym(4)
Sym(4)
Alt(5)
Alt(5)

Explanation: Alt(4) is the group of even permutations of the digits 1, 2, 3, 4. And
correspondingly Alt(5) is the group of all even permutations of the digits from
1 to 5. A permutation is called even, if it may be performed by consecutively
interchanging two suitable digits, an even number of times.
Sym(4) is the group of all permutations of 1, 2, 3, 4.
Alt(4) contains 12, Sym(4) contains 24, and Alt(5) contains 60 elements (rotations).
It should be pointed out that the groups Sym(4) and Alt(5) are members of
very prominent families of groups.
The alternating groups Alt(n) are simple“ in the sense of group theory, for
”
n > 4. And this fact is the key to the following spectacular theorem, first proved
by Niels Henrik Abel (1802–1829) in 1824: There is no general solution formula
for algebraic equations of degree greater than four. (See van den Waerden,
pp. 85–88 for details.) This is in significant contrast to the algebraic equations
of degree < 5, where famous solution formulas are well known.

An investigation of regular polyhedra and polygons quite naturally
leads a mathematician to the investigation of polyhedra of reduced
regularity.
We now turn to this aspect of Kepler’s mathematics.
3
Kepler on semi-regular polyhedra In the charming essay Strena Seu De
Nive Sexangula (Frankfurt/M. 1611, KGW IV), dedicated and addressed
to his friend Johannes Matthäus Wackher von Wackenfels, Kepler tries
to explain the sexangular form of snow-flakes. This leads him to discuss
quite a few interesting problems in the geometry of highly symmetric
plane figures and solids. He deals with the form of the webs of bees
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and their optimality, with the form of kernels of pomegranates, and
introduces the two rhombic polyhedra, the rhombic dodecahedron and
the rhombic triacontahedron. These are convex polyhedra, whose 12 (or
30, respectively) faces are congruent rhombi with a certain ratio of the
diagonals.(Fig. 5)
His intention to find causes for the forms of snow-flakes etc. leads
him to consider packings of equal spheres in a plane or in space. He
states, that the maximal density of a packing of equal spheres is achieved,
if the midpoints of the spheres form a rhombic pattern in the plane,
and if the spheres of the next layer are in the holes“ between adjacent
”
spheres. Under pressure such a packing will turn into a rhombic solid.
This statement on maximal density is called Kepler’s conjecture (he did
not give a proof !) in modern theory of dense packings.(Further details
are given below.)
His speculation on the beauty of pentagonal forms leads Kepler
again to the regular dodecahedron and the regular icosahedron; these
two Platonic solids are derived essentially from the regular pentagon.
But the regular pentagon is closely related to the divine proportion.
Kepler mentions this relationship and goes on√to give the rational approximations to the golden number“ β = 21 ( 5 − 1) by means of the
”
Fibonacci-sequence.
Explanation. Let the section of a line of length a be divided into two parts of length
x and y, respectively, with x > y. Then a is divided according
√ to the divine
proportion, if a : x = x : y = x : (a − x). This implies x = 12 ( 5 − 1)a ≈ 0.62a.
If a is the radius of the circle through the vertices of a regular√10-gon, then x is
the common length of the sides. The golden number“ β = 12 ( 5−1) is not a ra”
tional number, and the problem is to obtain good rational approximations for β.
The sequence of integers
1, 1, 2, 3, 5, 8, 13, 21, . . .
is called Fibonacci-sequence (after Leonardo da Pisa (ca. 1170 – ca. 1240),
named Fibonacci). This sequence is defined as follows:
x0 = x1 = 1,
xn+2 = xn+1 + xn ,
i.e., the first two members are 1, and each member xn of the sequence, for n > 1
is the sum of the two preceeding members. Now it was known since antiquity, as
mathematical folklore, that the quotients xn /xn+1 of two consecutive members
of the Fibonacci-sequence give good approximations to the number β so essential
for the divine proportion. Applying the modern theory of continued fractions
( Kettenbrüche“ in German) we see, that the quotients xn+1 /xn are in fact the
”
convergents of the continued fraction for β, and hence in a precise sense the
best rational approximations to β. (Niven-Zuckerman, chapter 7).
We return to Kepler’s conjecture mentioned above.
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a)

b)

Fig. 5

a) Rhombic Dodecahedron b) Rhombic Triacontahedron In both cases, a
picture, a net, and a single face are given. From Cundy-Rollett, pp.
120/121.
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On Kepler’s conjecture. In the theory of packings with spheres one introduces
the density of a packing. Roughly speaking, this is the sum of the volumes of
all the spheres in the packing, divided by the volume of the space packed by the
spheres. (In fact, one has to take a limit of this quotient). Already Carl Friedrich
Gauss (1777–855) proved in 1831: The density
√ of any lattice packing with (unit)
spheres in the 3-dimensional space is ≤ π/ 18, and equality holds
√
√ for√the lattice
packing for which the unit spheres are centered at the points (k 2, l 2, m 2),
where k , l, m are integers and their sum is even. The problem of finding the
maximum density of any sphere packing in the three dimensional space became
widely known to mathematicians due to the famous lecture delivered in 1900 by
David Hilbert (1862–1943) during the International Congress of Mathematicians
at Paris. This problem is part of Hilbert’s 18th problem Hilbert problems, part
1, pp. 24–26; part 2, pp. 491–506). Kepler’s remark in the Strena. . . is perhaps
the earliest statement on this problem. In modern terminology his remark may
be formulated as
Kepler’s conjecture: The maximum density of arbitrary packings in the 3dimensional space with congruent spheres is π/18.
In 1996, this conjecture was still unproven. For details I refer to the paper by
Bezdek.

We turn now to the geometrical sections of Harmonices Mundi
(1619). Our review is based essentially on Hofmann (pp. 267–269)
and Caspar’s comments in KWH (pp. 36∗ –40∗ and 374/375).
Book I starts with a short discussion of Euclid’s theory of repeated
”
quadratic irrationalities“ from Euclid’s Elements, Book X. He does not
refer to the pertinent sections of Michael Stifel’s Arithmetica integra
(Nürnberg 1544, lib. II). For Kepler has serious objections against
the Coss“. He restricts his investigation to geometrical objects which
”
are scibiles“ (plural form of scibilis), and this means, which are con”
structible by ruler and compass. It follows a very careful presentation
of the theory of scibiles“ regular polygons. Kepler obviously believes,
”
that from equilateral triangles, squares, regular pentagons, (i.e. from
regular 3-gons, 4-gons, 5-gons,) all scibiles“ regular polygons may be
”
constructed by suitable combination, and repeated bisecting of angles.
This is not true: In March 1796 Carl Friedrich Gauss (1777–1855)
discovered the principia quibus innititur sectio circuli, ac divisibilitas
”
eiusdem geometrica in septemdecim partes etc.“ (Gauss in his diary).
It follows from Gauss’ theory of the sectio circuli, that a regular 17-gon,
a regular 257-gon, a regular 65537-gon are constructible with ruler and
compass; the theory even provides a method of construction, at least in
principle. This theory of Gauss is included in his famous Disquisitiones
Arithmeticae (Leipzig 1801).
Kepler is absolutely certain, that the regular 7-gon is not scibilis“
”
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nor the division of an arbitrary angle into an odd number of equal parts
(Book I, Theorems XLV and XLVI). (In both cases he is right !) He
explains his reasoning, but — of course — he does not give proofs.
Furthermore, he reports carefully e.g. on Jost Bürgi’s attempts to
construct a regular 7-gon, in the context of Theorem XLV.
Book II deals with the Congruence of harmonic figures“. What
”
Kepler has in mind is a suitability of regular (or almost regular) plane
figures to be part of a (solid) tessellation of the plane or the space.
He does not refer to Dürer’s Underweysung der messung mit dem
Zirckel und richtscheyt (Nürnberg 1525), which seems to be surprising,
because Dürer had fine results in this context, and Kepler knew Dürer
(Harmonices Mundi , KGW VI, 55). In dealing with spatial congruences
Kepler
– constructs the five regular polyhedra (Platonic solids);
– investigates two star polyhedra (Fig. 6) and the two rhombic polyhedra
mentioned in the Strena. . . (and first mentioned in a letter of Kepler
to Maestlin of 12/22. XI. 1599). The discovery of the star polyhedra
and their investigation is certainly one of the finest geometrical results
achieved by Kepler. (Fig. 7)
It follows a complete list — with pictures — of the 13 semiregular
polyhedra (or Archimedean solids), following propositio 5 in the Collectio

a)
Fig. 6

b)

Kepler’s Star-Polyhedra: a) Small stellated dodecahedron. b) Great stellated dodecahedron. The faces are indicated by different hatching. Note that
all the faces (and vertex-figures) are pentagrams. From Cundy-Rollett, pp.
90 and 94.
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Fig. 7

Platonic Solids, Rhombic Polyhedra, and Star-Polyhedra. From KWH, p. 74.

of Pappus (Kepler used the edition of Federigo Commandino, Pesaro
1588). The faces of these convex polyhedra are all regular polygons, but
no longer congruent.
We refer to Fig. 8.
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Concerning the star polyhedra. The discovery of these beautiful polyhedra was
by no means recognized. In fact, the star polyhedra fell into oblivion and had to
be rediscovered, together with two more star polyhedra, by the French geometer
Louis Poinsot (1777–1859) in 1810. Poinsot certainly did not know of Kepler’s
discovery. 1862 R. Baltzer pointed out Kepler’s priority. For details see Caspar
in KWH, pp. 374/375.
Remark. Certain semiregular polyhedra are constructed by truncating a regular
polyhedron. For instance, by cutting off the 12 vertices of the regular icosahedron in a suitable way, one obtains the truncated icosahedron. (Fig. 8 no. 4). It
has 60 vertices and 32 faces, 12 of which are regular pentagons and 20 of which
are regular hexagons. The process of truncating does not change the group of rotations, hence the truncated icosahedron has again the group Alt(5) as its group
of rotations. If the vertices of the truncated icosahedron are regarded as carbon
atoms, then the configuration is that of the Buckminsterfullerene molecule.
In a recent paper on Groups and the buckyball Fan-R.-K. Chung, Bertram
Kostant, and Shlomo Sternberg investigate electronic properties of Buckminsterfullerene by means of representations“ of the rotation group Alt(5).
”
(In: Lie theory and geometry, Series: Progr. Math. 13 (1994), p. 97–126.
Mathematical Reviews: 96e:20005).
This example should indicate the importance of (semi-)regular polyhedra and
their rotation groups.

In conclusion I express my hope that this note might add a few
arguments in favor of the beauty and the lasting relevance of Kepler’s
contributions to geometry.

Fig. 8

The 13 Archimedean Solids. (Nr. 4 is the Truncated Icosahedron). From
KWH, pp. 79 and 81.
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A Network over the World
Kepler and the Graph Theory
Waltraud Voss
Gotthelf Heinrich Schubert (Dresden) spoke of Kepler in 1818 as
an indeed rare mind, in whose intellectual endeavour and outlook on
”
the world the knowledge of whole future centuries is reflected, in the
same way as in a magical mirror . . .“[2]. Almost 200 years later we can
confirm this appreciation. Let us think only of the new heyday of the
Theory of convex Polyhedrons in the context of the renaissance of the
”
mathematics of discrete structures“[17] lasting for about four decades,
our present outlook on the world as a large network and of the fact that
the terms network“ and distributed system“ have good prospects of
”
”
becoming paradigms in the same sense as the term of the (mechanical)
”
machine“ had been for a long time.
There are parallels between Kepler’s time and ours:
Like us, Kepler lived at a time of fundamental change and new orientation. Outdated, obsolete patterns of thinking had to be abandoned.
Many new things had to be created and implemented — in society, in
the sciences and the production of goods, in the outlook on the world
and the position of man in the world. These parallels make Kepler
particularly interesting to us, for Kepler was a giant at a time requiring
giants and producing them — giants of intellectual capacity, passion and
character ([2O], 8). The mathematician, scientist, natural philosopher
and practitioner Kepler was confronted with the following problems and
contributed to their solution:
– the reading of the Book of Nature written in mathematical characters
(as Galilei described it) , which could only be read by mathematical
means; for this purpose, the whole of mathematics available had
to be examined and — oriented to the problems — a new kind of
mathematics had to be created;
– the abandonment of the scope of immediate sensory perception, of the
Mesocosmos“, by means of technical (optical) devices and scientific,
”
mathematized theories;
– the development of (research) methods connecting sensory perception
and reality, empirical knowledge and theoretical thinking, induction
and deduction;
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– the growth of the complexity of the real-world problems;
– the necessity of an interdisciplinary approach to problems transcending
the frontiers of the disciplines“.
”
Kepler founded his work on the knowledge of the great thinkers
of the antiquity: Following the tradition of the Pythagoreans (and of
Platon), he regarded the world as a cosmos“, in which lawfulness ”
harmony - beauty - perfection exist in an inseparable context. It is an
entirety.
Over the centuries the sky had been observed and data had been
collected about the course of the planets. Rich sources of facts were
available. But a model that was able to reduce this complexity, which
made the true conditions visible — in a clearness beyond the deceptions
of immediate sensory perception — had not been found yet. The secret
according to which all this movement does take place had not been
deciphered by then.
As speculative as Kepler’s first model of the world designed in 1596
is, it still accomplishes something essential:
– Lots of data impenetrable to a non-astronomer are summed up in a
mathematical model. Thus complexity is reduced and made clear.
– By means of this mathematical model, the frontiers of the Mesocosmos
are expanded. It provides a correct“ view of the real world — as far as
”
it was known by that time - beyond the scope of immediate perception.
The unity and complete harmony of the world is the cause for its
beststructure“ associating the quality of optimality“ in us. Forming his
”
”
macroscopic model of the world, Kepler used the five regular polyhedra,
distinguished by their perfect symmetry — thus having the feature of
the best structured, optimal —, which already Platon had used as the
shaper of the world“ (strictly speaking he used the network consisting
”
of their nodes and edges and the faces surrounded by the edges). Kepler
throws this network over the world, catching“ the world in it, or more
”
precisely the six planets known then. Out of speculative considerations,
he associates the number of planets with the number of the regular
polyhedra. He places the Platonic Bodies between the spheres of the
planets in their natural sequence in such a way that each of these bodies
encloses one sphere and is enclosed by the next (larger) one. In doing so,
he had to arrange the five polyhedra in the best possible way in order
to make the fit perfect. There are 5! = 120 possibilities of arranging
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the polyhedra. Speculation and the intuition of the genius shortened
the selection procedure, as a matter of fact, Kepler solved a problem of
Discrete Optimization.
Kepler uses polyhedra — and not only the Platonic ones (besides
other mathematical objects such as the conic sections) — also in order to
describe forms of the animate and inanimate nature by a mathematical
model. Searching for harmony and lawfulness, he could not ignore the
properties of duality among the Platonic Bodies. He recognized the
networks of the cube and the octahedron as well as of the pentagondodecahedron and the icosahedron as dual, that of the tetrahedron as
self-dual. [3]
He designed the rhombic dodecahedra as a common garment“ of
”
the cube and octahedron as well as the triton-rhombic dodecahedron
of the icosahedron and pentagondodecahedron ([3], 27/28), called the
Kepler Body after him later.
Searching for mathematical models for forms of the real world and
for the causes of the development of these forms, Kepler, among other
things, investigated the problems of filling up entirely the plane and
space ([3], 28), the different packages of spheres and the densest among
them ([3], 30/31).
Kepler’s mathematical activities can be related to a wide range of
mathematical disciplines from our present point of view.
Although the influence of Kepler’s work on the development of the
graph theory is loose and preserved in its continuity only in the field
of Mathematics of Recreation — some of Kepler’s findings such as the
designing of a non-periodical parqueting were at first not associated with
Kepler’s name and invented anew — so, however, we are able to relate
some of the mathematical tools used by Kepler, some of his constructions
and findings, such as the above-mentioned, retrospectively to the fields of
topology or graph theory. Coxeter and Moser let that part of topology
that deals with graphs on surfaces of a genus greater than zero start
Kepler ([12], 101).
Kepler’s first model of the world remained doubtless remarkable and
interesting for 150 years. Yet it was not capable of being extended, for
its importance was bound to the 6-number of the planets. There was
not any room in it for the planets discovered later (from 1781 on) —
Uranus, Ceres, Neptun and Pluto.
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Kepler succeeded in fully reducing the kinematics of planetary
movement some years later, with the laws called after him. He quite
approached the general law of gravitation and a mechanical world picture
with his contemplations about the forces causing the planetary movements.
About 50 years after Kepler’s death Newton converted Kepler’s
three laws of planetary movement into the dynamic form by means
of the Method of Fluxions. Leibniz independently developed the the
differential and integral calculus. Using this completely new, nonestatic mathematics, capable of comprehending movement (kinematics,
dynamics), problems of mathematics and physics, which had seemed to
be of nearly impenetrable complexity until that time, could be reduced to
a level of tractability. They became approachable to the average mind“
”
(as Leibniz said) as the calculus“ turned them into simple mathematical
”
tasks. The analysis became the predominant mathematical discipline for
a long time; there were hardly any limitations visible to its application to
problems from the sciences and technology. The new kind of mathematics allowed deep insights into the principles of natural movement and
made extremal principles of nature clear (and transparent). Thereby
the view of the best-possible, optimal order of the world was underpinned by mathematical-scientific findings and did not only arise from
speculation, unlike in Kepler’s work. Thus Leibniz, having examined
the brachystochrones and their properties, came to the conclusion that
in this way the smallest parts of the universe are arranged according
”
to the rule of the greatest perfection; without it, the entirety would
not be it either“ ([14], 59). Euler, too, was absorbed by the awareness
that many natural processes suffice extremal principles. For him, the
Calculus of variations (i.e., the calculus of extremal behaviour)was an
essential means of recognizing the world. He said: Since the order of
”
the whole world is the most excellent one . . . , we will not encounter
anything in the world which cannot be associated with any maximum or
minimum quality. Therefore there cannot be any doubt that all effects
of the world can be derived by the method of maxima and minima as
well as the acting causes themselves“([14], 59).
Not before the industrial revolution and the rapid development of
sciences and technology connected with it, problems requiring tools from
Discrete Mathematics (besides Continuous Mathematics) arose in increasing amounts. Networks of transport, energy supply and information
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had to be created anew and in a hitherto unknown dimension (railway,
electricity supply, telegraph, telephone). Rules of chemical structures
— describable by networks of atoms — were examined. Since the
middle of the 19th century a new mathematical discipline, the Theory of
Graphs, began to develop, at the beginning within the field of Topology.
Networks of vertices and edges belong to the subject of its investigations. The first sources of the graph theory were problems of practice,
physics (electric circuits — Kirchhoff 1847) and chemistry (networks of
atoms, counting of isomer chemical compounds — Crum Brown,Cayley,
Sylvester), and also tasks from the field of Mathematics of Recreation.
In it, problems on networks had been playing a role for a long time.
Examples for it are the Knight’s Move Problems and the Problem of the
Koenigsberg Bridges. Even though apart from the mainstream of the
development of mathematics, Kepler’s knowledge about the networks of
polyhedra had remained present here for one part. Hamilton formulated
several games in the context of his Icosean Calculus, such as the problem
of a Voyage round the World. In Kepler’s Mysterium cosmographicum
the dodecahedron comprised the sphere of the Earth. Hamilton puts the
dodecahedron network over the Earth and matches the nodes with large
cities of the world, and the edges with certain communication routes
interconnecting these cities. Departing from a fixed place, the traveller
is to arrange his tour in such a way that he passes each city exactly once
and has arrived at the point of departure at the end of his journey again.
Later the brothers Kowalewski designed games on polyhedra too.
Gerhard Kowalewski, who had repeatedly lectured on mathematical
games for the purpose of a popularization of mathematics during his
first time in Prague and aroused vivid interest, invented, among other
things, games for the Kepler Body. Arnold Kowalewski — by the
way, an excellent authority on Kepler, let me just mention his work
Kepler and Kant ([7], 132–145) — applied his Buntordnungslehre“,
”
which he had developed in order to create an exact fundament for
”
certain methods of experimental psychology“ ([8], 1), to topologicalgraphtheoretical problems too. So he formulated, among other things,
Hamilton’s dodecahedron-task as a Buntordnungs-problem“ and deve”
loped a new method of solving it.
Kepler’s problem of relating the Platonic bodies to the planetary
spheres, the above-mentioned Problem of the Koenigsberg Bridges and
Hamilton’s Travelling Salesman Problem have one thing in common: To
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obtain solution, all 5! arrangements, 7! walks and 20! sequences of cities
could be compared in order to select those having the desired, optimal
feature,— a trivial algorithm, which is immediately understood by the
common sense“. The number n! (like other combinatorial functions)
”
grows very rapidly, so this procedure has narrow limitations. Euler
expresses the subject matter very clearly in his famous work on the
Problem of the Koenigsberg Bridges (1756): As far as the Koenigsberg
”
problem of the seven bridges is concerned, it could be solved by enumerating exactly all courses which are possible; . . . This way of solving it,
however, is too difficult because of the large number of combinations,
and furthermore, it could not be applied at all in other questions where
much more bridges are existent. Therefore I have abandoned this method
and searched for another reaching only so far to show whether such a
walking tour can be found or not; . . .“ ([15], 291). The great computer
enthusiasts, too, understood in the early seventies that problems whose
complexity increases fast with a growing dimension, such as significant discrete and particularly graphtheoretical-combinatorial problems
of optimization, cannot be reduced to a level of tractability merely and
predominantly by rough computing power, but first of all by efficient,
theoretically well-founded mathematical algorithms.
The Travelling Salesman Problem, first formulated by Hamilton
for a dodecahedron network lying over the Earth, was generalized for
any kind of networks. A circular tour of the type demanded is called
Hamilton circuit“ today. A graph has a Hamilton circuit if some of its
”
edges can be passed in such a way that each vertex occurs exactly once
and the point of departure is reached again at the end. Temporarily it
seemed that the Travelling Salesman Problem has a close relationship
to a further graph-theoretical problem formulated for the surface of
the Earth in its original form, namely the Four-Colour Problem. This
requires to colour a (regular) map by four colours in such a way that
neighbouring countries are always differently coloured. Several mathematically equivalent formulations were found for the Four-Colour Problem. In 1884 Tait conjectured that planar three-regular three-connected
graphs would have a Hamilton circuit ([16], 27/28), which — if true —
would have implied the correctness of the Four-Colour Conjecture. This
connection, however, was rendered invalid by finding a counterexample
to Tait’s conjecture.
Still in the 1930s graph theory was regarded as the poorhouse“
”
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of mathematics, and only few mathematicians in the world dealt with
graph-theoretical problems.
Already since the 1920s, in particular during the years of the Second
World War, a variety of problems had crystallized whose treatment
bursted the frame of Continuous Mathematics; it required methods of
Discrete Mathematics too. There were the optimization of transport,
the planning of resources, the timing of industrial processes.
Interweaving balancing, tools for decision-makers from economy
or politics had become indispensable, strategies for economic conduct
that incorporate the conduct of the competitor, optimal controls for
production processes had to be found. The conversion of information —
of continuous and discrete —, its coding, its transmission have played a
more and more important role.
Beginning in the 1950s, one development in mathematics became
increasingly clear, which Sachs described by the term renaissance of
”
the mathematics of discrete structures“[17]. It includes also the rapid
development of the Theory of Graphs and Networks, including the
Theory of Polyhedra. The digital computer acted as an accelerating
catalyst in this process, — partly determining the direction and placing
some emphases differently. For reducing the complexity of real-world
problems to a level where they can be solved with the aid of a computer,
convex polyhedra today have a significance which certainly exceeds that
they had for Kepler at the time of the development of the Mysterium
cosmographicum.
The set of solutions of a system of linear inequalities fills a convex
(finite or infinite) polyhedron. In general, these polyhedra are not
regular and their (spatial) dimension is much larger than three. These
polyhedra represent the set of suitable solutions in problems of Linear
Optimization, while the optimum is always assumed in a node of the
polyhedron. Important problems of Discrete Optimization of growing potential applications, such as graphtheoretical and combinatorial
problems like the Travelling Salesman Problem, Transport, Knapsack
and Assignment Problem, various Matching Problems and Problems of
Sorting and Sequencing, can be formulated as problems of Integer Linear
Optimization.
The algorithms developed for solving such problems are mainly
based on Dantzig’s Simplex Algorithm of Linear Optimization, searching
for optimal solutions within some convex polyhedron. The application of
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the algorithms developed for solving problems of Discrete Optimization
has shown that the calculating time needed by the computer increased
very rapidly with growing dimension. Many real-world problems lead
to problems of Discrete Optimization of high dimension. So it is not
at all a mere accident that, especially in the context of a problem
of Discrete Optimization, the concept of the Complexity of an algo”
rithm“ was introduced. That happened in the work Path, flows and
flowers by Edmonds in 1965. The term (time)complexity“ reflects the
”
numerical performance and the computing time, which an algorithm
requires depending on the number n of the essential input data. (n is
also called the dimension“ of the problem.) At this point of contact
”
of Computer Science and Discrete Mathematics (especially the Theory
of Graphs and Networks), a new mathematical discipline was born,
the Theory of Complexity. In this theory mathematical problems are
classified according to the (minimum) computing time required for their
(algorithmic) solution. Thus real-world problems can be divided into
simple“, difficult“ and hard“ ones. Limits to the present mathematics
”
”
”
become visible, and perhaps the limits of the concept of mathematization
introduced at Kepler’s time as a whole. Thus we have reached questions
of the cognition of the world and of philosophic dimension, over the
context Mathematical Modelling of real problems, Optimization and
”
Theory of Polyhedra“ again. Encouraged by an algorithm developed by
Khachian in 1979, making problems of Linear Optimization appear as
simple problems“ — while, if only Dantzig’s Simplex Algorithm were
”
available it, they would have to be assigned to the class of difficult prob”
lems“ — Polyhedral Combinatoric has developed as a very prosperous,
frequently applicable section of Combinatorial Optimization in the last
two decades. Today problems of practice can be solved, which seemed
to be intractable a few years ago [14, 13].
Kepler’s Mysterium cosmographicum grasped the close relationships
of the elements of the macrocosmos in one — still quite simple —
network. Later Kepler compared the Earth with a living, developing
organism, in which all functions are connected in a dense network of
mutual relations, even though they sometimes seem to be independent
of one another at the first glance. This view brings Kepler quite near to
us today. At our time of global problems threatening humanity, which
were created by man himself, there is only one appropriate outlook on
the world: The world is a large network ! The processes taking place
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on earth make up a highly complex and highly complicated network
of conditions and events. Parallelism, feedback and nonlinearity are
the determining features. After three hundred years of mathematized
sciences and the same long development of modern mathematics, we have
other opportunities of model-like registration at our disposal than Kepler
did. The conclusion that distributed systems“ are ubiquitous, systems
”
in which parallel processes are taking place and communicating, is closely
associated with the renewed understanding of the large network world“.
”
Such systems and their causal structure can be modelled by means of
Petri networks and their generalizations. The scope of their applications
is hardly possible to survey. Let us only mention their utilization for
designing parallel computer architectures, for organizing end carrying
out the construction of computer software. [14]
In order to safeguard the future of humanity, we have to solve problems of hitherto unknown complexity. For this purpose, the whole of the
sciences available has to be used, including all disciplines of mathematics,
of Discrete as well as Continuous Mathematics, — and perhaps only
a new kind of mathematics will achieve the decisive breakthrough to
reduce the complexity of the problems to be solved, as the mathematics
of Leibniz and Newton had done in former times. But at first far-sighted
models of the future are necessary, facilitating our right orientation.
Thus we have returned to Kepler and his time again.
Our time needs giants like Kepler, giants of intellectual capacity,
passion and — most important — character. Let us hope that it will
produce such giants before it is too late.
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Cosmomorphistic geometry“ in the unconscious
”
geometry of Johannes Kepler
Adolf Adam
The work of the Institute of System Science at the Johannes Kepler
University at Linz includes the study of the history and philosophy of
system science.
Studying the history of ideas — reliving the work of past thinkers
and carrying it creatively forward — will broaden the horizons of experience (the past) and of expectation (the future) of those who are willing
to be educated in this way.
Four hundred years ago, in 1596, Johannes Kepler made the first
attempt at a cosmomorphistic system theory in his Mysterium cosmographicum.
On 14 December 1599 he informed the Bavarian Chancellor, Johann Georg Herwart von Hohenburg, that he had fully planned out the
subject-matter and methodology of his De harmonice mundi dissertatio cosmographica. The discovery of the cosmomorphistic, or world”
forming, ratios“ (weltbildende Verhältnisse) led, as I will show, to the
table of relationships of harmonies“.
”
It was not until twenty years later (in 1619) that Kepler was able
to publish his philosophical credo (printed in Linz by Johannes Plank),
which contains, between the lines as it were, the Third Law of Planetary
Motion that was to be of such significance for Isaac Newton. The
drudgery of the calculations for the Rudolphine Tables“, as well as
”
the narrow-mindedness of the Upper Austrian nobility, robbed him of
valuable years of creative work — Adalbert Stifter (1805–1868) actually
described Kepler as having been crucified in Linz“.
”
At the time when Sir Karl Raimund Popper (1902–1994) was referring with pride to the Linz Medal for Science awarded to him by the
Kepler University, the rediscovery, around 1971, of the world stature of
Kepler — who had elected to live in Linz — was producing a wave of
Kepler-linked publicity.
Spiritual or sacral mathematics (which can be experienced), a
branch of learning that contributes to the culture of a civilization by
seeking a framework of order within which man can orientate himself, has
its roots not in the secular sciences but in the world-view of a magical
”
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idealism“ (Max Dessoir) and above all in the motivating factors that
give rise to ritual or ceremonial magic.
This aspect, neglected by historians of mathematics, is the subject
of comparative research into archetypal structures“ (A. Adam) in Linz,
”
which aims to shed more light on the enigmas of mathematical intelli”
gence“.
A typical example of the effectiveness of an unconscious mathematical instinct can be seen in the achievements in the field of number
theory fulgurations of the self-taught Indian mathematician Srinivasa
Ramanujan (1887–1920), and I refer the reader to the biography of
Ramanujan by Robert Kanigel, Der das Unendliche kannte (Friedrich
Vieweg & Sohn, Braunschweig and Wiesbaden, 1993).
The physicist and Nobel prizewinner Wolfgang Pauli, who also
familiarized himself with the analytical psychology of Carl Gustav Jung,
examined the influence of archetypal ideas on the formation of Kepler’s
”
scientific theories“ (in the studies of the C. G. Jung Institute in Zurich
entitled Naturerklärung und Psyche), and emphasized Kepler’s curious
”
intermediate stage between the early magical-symbolical and the modern
quantitative-mathematical description of nature“.
Precisely this curious intermediate stage“ in Kepler’s Renaissance
”
”
system theory“ contains treasures which have yet to be brought to light
and which could be of especial interest to researchers in the field of
neuro-anthropology.
Kepler’s cosmometry, his markedly geometrical way of thinking
and his firm belief that all that takes place in nature must also be
mathematically significant created an oeuvre in whose depths many
surprising discoveries may still be made. In the course of a study of the
symbolism of the ancient Chinese literature of divination and wisdom,
comparison with the ideas which are at the heart of Kepler’s work also
proved extremely fruitful.
What is striking is the shared arithmo-geometrical structuralism in
which numbers are used as operators producing an order“ ( anordnende
”
”
Operatoren“) or creators of forms or images“ ( Bildner“ — Wolfgang
”
”
Pauli), in a way that is nowadays practised only in recreational mathematics.
However, Kepler rejects the Pythagorean belief in the power of
numbers which represent meanings or the essences of things, favouring
instead geometrical symmetry or numerical ratios as the expressible
”
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part of geometry“.
Probably Kepler’s association during his Prague years (1600–1611)
with the scholar David Gans (1541–1613), the favourite pupil of High
Rabbi Löw (Juda ben Bezalek), also reinforced his doubts about the
cosmic creative potential of integers.
As a champion of Pythagoro-Platonic ideas he sees the true origin
of harmony, concordance, congruence and consonance in the theory of
the division of the circle and the constructibility of figures with ruler and
compasses. This also leads him to the conclusion that The constructible
”
in geometry is the harmonious in music“ (Angus Armitage, John Kepler ,
London,1966, p. 146). Ornamentation (the covering of the plane with
regular figures) has no use for the pentagon (although it is constructible).
Only in music, as the higher art form, is the number five represented
by the third.
In his tonic system named after Klaudios Ptolemaios (c. 85– c. 165),
the mathematician Leonhard Euler (1702–1783) divided the octave range
on the monochord on the principle that
Prime = 1 ≥ 2u 3v 5w ≥ 1

1
= octave,
2

where u, v, w are positive and negative integers including 0. In the
number-theoretical aspect of this Euler was inspired by a letter from the
polymath Gottfried Wilhelm Leibniz (1646–1716) to the young mathematician (and diplomat) Christian von Goldbach (1690–1764, ennobled
1745).
Euler uses the absolute numbers |u|, |v|, |w| to construct a numbertheoretical function Γ(u, v, w) = 1 + |u|(2 − 1) + |v|(3 − 1)+ |w|(5 − 1) and
calls Γ the gradus suavitatis. It would be appropriate to call Γ(u, v, w) =
1 + |u| + 2|v| + 4|w| the gradus dissuavitatis, especially as the increasing
values of Γ indicate an increase in the dissonance of the corresponding
intervals between tones. Euler’s number-theoretical formula with the
prime numbers p1 , p2 , p3 , . . .
Γ = 1 + |u|(p1 − 1) + |v|(p2 − 1)|w|(p3 − 1) + . . .
recalls the logarithmisation of tonal frequencies in connection with musical notation and with the physiology of hearing (Weber-Fechner’s Law)
and the use of the natural logarithm in a first estimate ln(x) ≤ (x − 1).
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Now let us choose the logarithmic system in such a way that in
connection with the octave term |u|(p1 − 1) we have ld 2 = (2 − 1), i.e.
the binary or dyadic logarithm. Then a corresponding approximation
for the gradus dissuavitatis (to use the designation appropriate to the
meaning) would be
∆ = 1 + |u| + 1.585|v| + 2.322|w|
an estimate that is presumably closer to the normal auditory impression
and moreover conforms to the psycho-physical Weber-Fechner’s Law.
(The dynamics of hearing is, incidentally, non-linear).
Hermann Ludwig Ferdinand von Helmholtz (1821–1894) attributes
the phenomenon of dissonance to beats produced by the partial oscillations of two tones and calculates a roughness“ ( Rauhigkeit“) — the
”
”
degree of dissonance. However, this beat“ model also has its critics.
”
The following table sets out, taking as a starting-point the fundamental note C, the remaining data for our study:
Chromatic scale
Tones

Ptolemaic division
cosmomorphistic
ratio

c
des
d
es
e
f
fis

1
15/16
8/9
5/6
4/5
3/4
32/45,45/64

g
as
a
b
h
0c’

2/3
5/8
3/5
9/16
8/15
1/2

u

Euler’s gradusfunction Γ

Gradus
Position after
dissuavi- ∆ in the tonic
tatis ∆
system

spectrum
v
w

0
−4
3
−1
2
−2
5
−6
1
−3
0
−4
3
−1

0
1
−2
−1
0
1
−2
2
−1
0
1
2
−1
0

0
1
0
1
−1
0
−1
1
0
1
−1
0
−1
0

1
11
8
8
7
5
14,15
4
8
7
9
10
2

1
8.907
6.170
5.907
5.322
4.585
10.492
11.492
3.585
6.322
4.901
7.170
7.907
2

1
12
8
7
6
4
13,14
3
9
5
10
11
2

While the well-tempered ratio of the semitone interval
h 1 i1/12
= 0.9438 . . .
r=
2
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and the best small-number approximations 16/17 and 17/18, on the basis
that
16/17 = 0.9412 < 0.9438 < 0.9444 = 17/18
do not correspond to Euler’s formula, they correspond to the constructible decaheptagon as demonstrated by Carl Friedrich Gauss (1777–
1855).
ri where i = 0, 1, 2, . . . , 12 are the ratios, irrational except for 1
and 1/2, of a well-tempered scale, and the cosmomorphistic ratios as
worked out by Kepler and Euler should correspond to the best possible
approximate values, with these ratios p/q being formed from the smallest
possible positive integer values for p and q.
This Pythagorean requirement also has a significance in physics
which we will not go into here.
The approximation p/q = 17/18 is also mentioned in Kepler’s De
harmonice mundi (Weltharmonie, translated and with an introduction
by Max Caspar, R. Oldenbourg-Verlag, Munich, 1990, pp. 134, 135).
Kepler found this ratio (for tuning the lute) in the treatise on music
by Vincenzo Galilei (the father of Galileo Galilei), who in turn referred
back to Aristoxenos.
On page 135 of De harmonice mundi (in Caspar’s translation),
Kepler describes the methods for the mechanical division of strings, and
notes that 1/2 and 17/18 are incommensurable values.
Kepler calculates that [17/18]12 = 0.50363 > 1/2. True, Kepler
remarks that this mechanical division of the strings satisfies the ear; but
for insight into the nature of music Kepler rejects such approximations.
The problem of the division of strings for well-tempered tuning also
led the Minorite friar Marin Mersenne (1588–1648), in his Harmonie
universelle (Paris,
√ 1636) to an approximation for an interval of four
semitones 2/(3− 2) and thus to an approximate value for the frequency
multiplier of a semitone equivalent to 1.05973. . .. In Vincenzo Galilei
this multiplier is 18/17 = 1.05882. The earliest pointer towards equal
temperament in the tuning of instruments was provided by the Italian
Bartolomé Ramos (c. 1440–1491, in De musica tractatus, Bologna, 1482).
This method of tuning was first used on the organ built between 1688
and 1692 by Arp Schnitger for the Church of St Jacob in Hamburg
(Erhard Schröder). The Ramos multiplier, as I would call it, is (2)1/12 =
1.05946 . . .. Thus the frequency multiplier for semitone intervals may be
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summarized as follows:
Galilei < Ramos < Mersenne or 1.05882 < 1.05946 < 1.05973.
Kepler, who linked his speculations about a cosmic scale to the problem
of the division of the circle, was of course unfamiliar with the construction of a 17-sided figure with ruler and compasses (Carl Friedrich Gauss,
30 March 1796) and therefore with the number 17 for the division of the
circle and 16/17 and 17/18 as possible cosmomorphistic ratios.
However, the totals 16 + 17 = 33 = 3 · 11 and 17 + 18 = 35 =
5 · 7 do not, because of the factors 11 and 7, fulfil Kepler’s additional
requirements for the determination of harmonic divisions.
But it is worth briefly mentioning here the technically very simple
but theoretically by no means insignificant solution to the problem of the
mechanical division of strings devised by the mathematically untrained
craftsman Daniel Strehle and communicated by him to the Swedish
Academy in 1743.
The mathematician Ian Stewart has made this Ramanujan of music
”
theory“ the subject of a detailed study (Die Reise nach Pentagonien,
Spektrum Akademischer Verlag, Berlin, Heidelberg and Oxford, 1995).
The best possible approximation for the exponential function f (x) =
2x in the definition range 0 ≤ x ≤ 1 is the broken linear function
√
√
√
√
y = [(2 − 2)x + 2]/[(1 − 2)x + 2].
√
If the 2 is replaced by the approximate value 17/12=1.416 then the
result of the second approximation is
.
y = (10x + 24)/(24 − 7x)
and this is precisely the equation for Daniel Strehle’s method.
How the craftsman Strehle arrived at this solution will probably
always remain a mystery. But this case underlines the possibility of a
highly developed mathematical instinct in the unconscious — Kepler’s
geometrical instinct which was at work in his discovery of his three
laws of planetary motion and his speculations on harmonics. (But the
reconstruction of the law of division, not recognized by Strehle himself,
is a noteworthy achievement produced by the mathematical instinct of
the enigmatists or subtilitants who contributed to it.)
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Kepler’s progression from astronomical theologian“ (1595/96) to
”
theological astronomer“ (1618/19) was ultimately a quest for a theory
”
”
for everything“ (universal formula).
To some extent he is following in the footsteps of the divine Cu”
sanus“ (Nicolaus of Cusa, 1401–1464) when he sees in geometry the
archetype of the cosmos and senses that a mathematical contemplation
of the essence of things is the true path to an understanding of the self,
of the world and of God.
Kepler experiments with the monochord, and with the help of his
auditory sense reconstructs the harmonic ratios by dividing a string of
constant length which gives the fundamental tone.
The octave to the fundamental tone is produced by halving the
length of the string, that is to say by a dividing factor of 1/2.
The other cosmomorphistic ratios produce the fifth (2/3), the fourth
(3/4), the major third (4/5), the minor third (5/6), the major sixth (3/5)
and the minor sixth (5/8). There is also the prime (1/1) which is not a
true division but which is included in the table of harmonic relationships.
Kepler is concerned to explore the significance of the fact that
there are seven harmonic divisions, not with reference to Pythagorean,
gnostic, hermetic or cabalistic numerology but on the basis of archetypal
geometrical configurations.
In his introduction to De harmonice mundi , Max Caspar quotes
him as follows: God took the ideas of things from the store-house of
”
geometry, not from non-geometrical quantities, and I (Kepler) might
almost say that God created what he could create and left out what
he could not“. The constructible figures, on the other hand, press
”
themselves upon the philosopher, even against his will, as archetypes
of creation, since they themselves achieve something creative within
the bounds of geometry, i.e. create closed spatial formations. It is a
’speculatio profundissima’ that what God could not find in the archetype
is also not expressed in [his] Creation“.
Kepler’s quest for his formula for the universe achieved its first
positive results in mid–August, 1599:
In the division of a circle a ’cosmomorphistic’ ratio is created
”
whenever, and only when, the resulting two parts of the circle form
ratios with each other and, in the case of each of them, with the whole
circle, which are present in a constructible regular figure.“ If one now
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imagines the circle straightened out like the string of an instrument, the
laws of geometrical construction are transferred to musical consonance.
From the seven basic intervals Kepler derives the diatonic and
chromatic scales.
He also includes the non-real division (1/1) of the prime in order to
account for the eight effective astrological aspects:
the conjunction (1/1), the sextile (1/6), the quartile (1/4), the trine
(1/3), the opposition (1/2), the quintile (1/5), the trioctile (3/8), and
the biquintile (2/5); the addition of the last three ratios represents an
extension of the classical theory of the aspects.
Kepler equates the length of the string to (p + q) where p, q, (p + q)
are knowable integers that are present in the actual division of a circle,
and requires that the division ratios [p/q, p/(p + q), q/(p + q)] fulfil
this criterion. This requirement provides precisely the desired cosmomorphistic or harmonic divisions of the string.
In this way Kepler obtains his table or family tree of the har”
monies“ (De harmonice mundi , p. 111), which is here reproduced as a
tree diagram:

Fig. 1
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When (p + q) is not genuinely a number that occurs in the division of a
circle, then the process of division is terminated. Thus the non-harmonic
total values for (p + q)
(1 + 6) = 7, (5 + 6) = 11, (4 + 5) = 9,
(2 + 5) = 7, (3 + 8) = 11 and (5 + 8) = 13
are in effect terminating indicators in Kepler’s theory of harmonics.
Kepler’s formula for division may be written thus:
(p/q) ⇒ [p/(p + q), q/(p + q)]
and ⇒ is Konrad Zuse’s sign for implies. The starting value is the prime:
p/q = 1/1 and p/(p + q) = q/(p + q) = 1/2 etc.
Within the octave range (1 to 12 ), 25 < 12 corresponds to the third with
the division ratio of 45 .
On pages 111 and 112 of De harmonice mundi , Kepler states that
22 years earlier he had mistakenly attempted to derive the number of
harmonic divisions and their ratios from the number of the five regular
bodies.
It is in the plane figures that the cosmomorphistic ratios must be
sought, because these figures have a relationship with the qualities of
things, whereas the spatial formations are analogous to substances (De
harmonice mundi , p. 20∗ of the introduction by Max Caspar).
Here, however, I should like to quote Andreas Speiser (1885–1970),
a mathematician with a strong feeling for art, who in his book Die
mathematische Denkweise (Verlag Birkhäuser, Basle, 1952) laments the
fact that the 18th century saw the separation of mathematics and art.
Speiser criticizes both Kepler and Goethe for not having recognized
integers as having cosmomorphistic potential. The ancient principle that
where there are symmetries there are numbers“, which is also confirmed
”
by modern mathematics (group theory), is present in the principle of
”
the equal number of determining attributes“ ( Prinzip der gleichvielen
”
Bestimmungsstücke“) which is deeply rooted in the magical idealism of
early civilizations. From the Pythagorean to the ancient Chinese schools
of cosmography we find arithmo-geometrical applications of numbers
which are emblematic, hold meaning or represent the essence of things.
The historiae rerum naturalium necnon technicarum
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figured numbers“ of the Pythagoreans have a kind of dual counterpart
”
in the numbered figures“ of the ancient Chinese cosmographers.
”
One may also include here the isogematric principle“ of the identity
”
of number and essence. (Gematria is a technique used by Hebrew
cabalists, based on the numerical values of letters of the alphabet and
the total numerical value of words.)
In the ancient Chinese schools of cosmography, cosmomorphistic
”
configurations“ such as the circle (emblem of the sky) or the square
(emblem of the earth) were constructed on a principle not unlike that
of number theory, with the positive integers being used as ordering
”
operators“ ( anordnende Operatoren“) or makers of images“ ( Bildner“
”
”
”
— Wolfgang Pauli). It was Father Joachim Bouvet S. J. (1656–1730),
the true discoverer of a Chinese dyadic system, (the numerical system of
Shao Jung, 1011–1077, is a binary positional numerical system without
a nought — the Yang-number 1 functions as 0) who opened the way for
ancient Chinese symbolism to be studied in terms of number theory.
Thus the cosmomorphistic principles of the equal number of deter”
minants“ ( gleichviele Bestimmungsstücke“), for instance n, and of the
”
number value, for instance s, as the indicator of a hidden (occult) identity
of essence, were defined in something like a numerical-geometrical way,
via the relationship
n
X
=s
i=1

so that the pairs of differing numbers of a given referential set form a
magical linear segment.
If the individual elements of this referential set produce an unbroken
series of numbers 1, 2, 3, . . . , (r − 1), r, then the numerical figure constructed from it (a counterpart to the figured numbers of the Pythagoreans) is described as regular“.
”
The following example of the technique of isogematric figuring is
related to Pythagorean harmonic theory and may certainly be seen as
an arithmetica universalis“.
”
The Pythagoreans used the pentagram or pentalpha as a secret
recognition sign and as a symbol of health. When Hippasos of Metapontum (c. 430 B. C.) proved, presumably by alternating subtraction (chain
division), that the ratio of the lengths of the diagonal and of the side of
a regular pentagon cannot be represented by a ratio p/q where p and q
are natural numbers, this dealt a devastating blow to the world-view of
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Pythagoras of Samos (c. 580–c. 500 B. C). This discovery led to the splitting of the Pythagorean school into the Akousmatics (who continued to
uphold the pure doctrine) and mathematicians who distanced themselves
from this arithmetica universalis and devoted themselves increasingly to
geometry.
This same Hippasos also criticized the preference shown for the fifth
in the Pythagorean tonic system and the resulting poverty of sound. It
was only centuries later that attention was paid to the third.
If one attempts the regular isogematric construction of a pentagram,
one is forced to the conclusion that the task is insoluble. The preference
for small integers for p and q in the construction of cosmomorphistic
ratios p/q leads one to look for the pentagram with the smallest magical
constant s, and the result is that s = 24.
The solution is here presented diagrammatically; to fix the values
of the nodes of the pentagram, values are given for the sides of the
corresponding pentagon:

Fig. 2

The numbers used from the referential set 1, 2, 3, 4, 5, 2.3, 2.4, 3.3,
2.5, and 3.4 are all harmonic, but to achieve regularity 7 and 11 would
also be required; these, however, are atonal and are therefore excluded.
Once again the pentagon disturbs the numerical harmony of the ancient
Greeks.
This approach to cosmography based on numerical geometry leads
to combinatory problems and problems of group theory (which would
have afforded Andreas Speiser great satisfaction).
The earliest numerical-geometrical cosmograms are found in the
works of the ancient Chinese schools of cosmography, and I will mention
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here the Lo-shu square, a magic square of order 3, which according to
legend was given by the sacred turtle Hi from the river Lo to the Great
Yü, who is also referred to as the founder of the kingdom of Hsia.
This Lo-shu square also symbolizes a Ming t’ang (bright hall, calendar house), a place of cult worship in ancient China comparable to the
tabernacle of the Hebrews.
The irrigation system of the early Zhou period, which represents the
oldest (known) government-imposed agricultural system and was linked
to a brilliant system of taxation, was also derived from the Lo-shu square.
Kepler, who rediscovered the Pythagorean-Platonic way of thinking,
was not a reconstructor but a transconstructor who tried to uncover the
unconscious geometry implanted in man by God as the archetype of the
cosmos, in order to contemplate the divine plan for the world (Unus
mundus).
It was Johannes Kepler who taught us this transconstructive
”
method“ of forming classical and ancient beginnings of structuralistic
thinking into a system from which deductions can readily be made.
Andreas Speiser regrets the fact that in the 18th century mathematics definitively severed its connection with art.
The visual and concrete mathematics practised by the creators of
puzzles and mathematical curiosities (recreational mathematics) is a pale
reflection of the spiritual mathematics that can be experienced, where
numbers and mathematical figures form the meditational, inspiring,
fulgurative and creative bridges between things perceived by the senses
and ideas. Hence the importance of such studies for the history of ideas
and of paradigms and also for research into creativity and modes of
thought.
It is with this in mind that Kepler’s progression from astronomical
”
theologian“ (Graz, 1594/95) to theological astronomer“ (Linz, 1618/19)
”
should be accorded due recognition and that his cosmographic“ legacy
”
should be understood. The study of harmonious proportions was always
the subject closest to his heart, and as early as 1605 he complained in
a letter to Christoph Heydonus about the early stages on his road to
Calvary: May God release me from astronomy, so that I may turn my
”
attention to my work on the harmony of the world“.
Let it not be the harassed country schoolmaster but the visionary
seer of cosmic harmony who is patron of the Alma Mater Kepleriana
Lincensis.
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The Velocity of Celestial Bodies
is determined by Kepler’s Distance Law
rather than by Newton’s Principia
Peter L. Griffiths
Even though Kepler was born in Germany in 1571 and also died in
Germany in 1630, he spent virtually the whole of his adult life in Graz
(1594–1601), Prague (1601–1612), and Linz (1612-1625).∗
Kepler’s five laws
Johannes Kepler (1571-1630) in the course of his life discovered five laws
relating to the orbit and velocity of planetary bodies.
1
2
3
4
5

Distance Law during the orbit (or Marginal Distance Law)
Average Distance Law
Elliptical shape of orbits
Sun is situated at one of the Foci
The unreliable Area Law for time taken to cover a particular distance along the orbit

1.
Kepler states his distance law during the orbit (or marginal Distance
Law) as follows in the introduction to Astronomia Nova page 52 (Donahue)
For if the earth is moved, it has been demonstrated that
”
the increases and decreases of its velocity are governed by its
approaching towards and receding from the Sun. And in fact
the same happens with the rest of the planets; they are urged
on or held back according to the approach toward or recession
from the Sun.“
What Kepler just failed to recognize was that the marginal velocity
(or velocity over a very small distance) of an elliptically orbiting celestial
body is measured by the square root of the quotient of a constant k
∗
Please note that many of the ideas in this paper are original and therefore not
acceptable as answers to examination questions.
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(reflecting units of measurement) divided by r the distance from the Sun
focus, viz.
r
k
.
marginal velocity =
r
This formula is in agreement with Kepler’s later Average Distance Law
r
vA
rB
=
,
vB
rA
where vA is the average velocity of planet A,
vB is the average velocity of planet B,
rA is the average distance of planet A from the sun focus,
rB is the average distance of planet B from the sun focus.
The same units of measurement will be used so the k will divide
each other to equal 1.
This square root relationship is further confirmed by the much later
data of Halley’s comet. The maximum velocity of Halley’s comet is
now known to be about 130 000 mph at perihelion. The velocity is also
known to be about 92 000 mph at the orthogonal
√ side of the apsides.
The relationship 130 000/92 000 is approximately 2 = 1.41.
This corresponds to the fact that the distance along the orthogonal
to the Sun is approximately twice the distance from the sun at perihelion.
Even though Kepler did not believe that comets moved in elliptical
orbits, nevertheless Halley’s successful prediction in 1705 that the comet
of 1682 would appear in 1738 was a remarkable confirmation of the
general principle that celestial bodies moved in elliptical orbits at a
predictable average velocity.
2.
Kepler’s Average Distance Law, which is that the ratio of the times taken
by any two planets to complete their orbits is equal to the ratio of their
average distances from the Sun to the power 3/2, where the average
distance of the Earth from the Sun is assumed to be 1 unit.
This average distance law is demonstrated in Kepler’s Harmonices
Mundi (1619) pages 356–360.
3.
A planet’s orbit is elliptical according to the Introduction to Astronomia
Nova, page 68 (Donahue):
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By most laborious proofs and by computations on a very
”
large number of observations, I discovered that the course of a
planet in the heavens is not a circle but an oval path, perfectly
elliptical“.
4.
The elliptical orbits of planets are round the Sun situated at one of the
foci of the ellipse. Kepler describes the orbit of a planet in Epitome
Astronomiae Copernicanae (1618) page 382 as follows:
How would you describe the orbit of any planet . . .
”
And if the orbits are elliptical as in diagram PERI which have
two quasi centres A, L which we call foci, and in one of the foci
A, the Sun itself is situated as the center of the universe . . .“
5.
The unreliable Area Law on page 377 of the Epitome Astronomiae
Copernicanae (1618).
Simplification of Kepler’s Average Distance Law
Kepler’s Average Distance Law can be related not just to the time
taken by two planets to complete their respective orbits but also to their
relative velocities.
Let tA be the time taken by planet A to complete an orbit
Let tB be the time taken by planet B to complete an orbit
Let rA be the average distance of planet A from the Sun
(it will be noted that because of the Sun being located at the focus, rA
will also measure the length of planet A’s semi major axis).
Let rB be the average distance of planet B from the Sun
(it will be noted that because of the Sun being located at the focus, rB
will also measure the length of planet B’s semi major axis).
Then according to the average distance law in Kepler’s Harmonices
Mundi (1619) pages 356–360,
tA
=
tB

µ

rA
rB

¶3/2
.
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This equation for the average distance law can be simplified as follows:
µ
¶3/2
tA
2πrA
=
,
tB
2πrB
i.e.
2πrA
×
2πrB

µ

2πrA
2πrB

¶1/2
=

tA
,
tB

2πrA
2πrB
× (2πrA )1/2 =
× (2πrB )1/2
tA
tB
µ
¶1/2
Average velocity = Average velocity × 2πrB
of planet A
of planet B
2πrA
Kepler’s average distance law can therefore be simplified into:
Average velocity
µ ¶1/2
µ ¶1/2
rB
of planet A
aB
=
=
.
r
aA
Average velocity
A
of planet B
rA and rB , the average distance of the planets A and B from the
sun, also measure the actual distances (aA , aB ) of the planet from the
sun when the planets are located at the intersection of the semi minor
axis with the elliptical curves.
Because the sun is situated at the focus of the orbiting planet the
average distance of the planet from the sun happens to be the same
length as the semi major axis.
Kepler’s Area Law
Kepler’s Area Law as expressed on page 377 of the Epitome Astronomiae
Copernicanae is unfortunately wrong. It states that the area within the
ellipse as covered by the radius vector linking the orbiting planet to the
Sun focus measures the time taken by the orbiting planet to cover the
distance along the elliptical orbit.
This area can with various degrees of accuracy be geometrically
measured by the area of a triangle whose base is the distance travelled,
and whose height is the length of the line from the Sun focus cutting the
base or its extension at right angles.
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As in the case of areas of triangles generally the area should be the
product of the base of the triangle times the perpendicular height all
divided by two.
If t = time,

d = distance

and
t=

p = perpendicular, then,

dp
.
2

From Kepler’s distance law it is known that the velocity (v) is inversely
related to distance (r) from the sun focus, viz.
r
v=

k
.
r

Velocity can also be expressed as d/t being distance traveled divided
by time taken. As previously, k is a constant reflecting the units of
measurement.
r
√
√
k
d
v=
= . That is d r = t k.
r
t
The time taken (t) therefore appears to be the product not of distance
travelled times the perpendicular divided by two, but the product of
distance
travelled times the square root of the radius vector divided
√
by k which is the square root of the constant reflecting the units of
measurement.
r
³ r ´1/2
r
t=d
=d
,
k
k
where 1/2 is the gravitation constant.
This should be compared with the formula for Kepler’s area law
t=

dp
,
2

where p is the perpendicular.

According to Kepler’s distance law
r
v=

³ r ´1/2
k
d
= , hence t = d
.
r
t
k

152 Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

According to the incorrect area law
t=

dp
,
2

where p is the perpendicular.

By comparing these two formulae, we can see that the gravitation
constant of 1/2 is a power in Kepler’s distance law, but is a multiplier
in the incorrect area law. This is one of the reasons why the area law is
incorrect, gravitation should be measured as a power not a multiplier.
The two formulae are basically the same when r = p = 1 and
k 1/2 = 2, that is when the orbit is circular rather than elliptical.
It will be noted that near the intersection of the minor axis with the
elliptical curve, the length of r the radius vector will be approximately
1 unit, so that near this intersection, distance travelled and time taken
will be approximately equal so that velocity will be about average.
Newton’s Inverse Square Law a refutation
According to Newton’s Principia (Cajori edition 1934), Newton says
the following about his inverse square law.
Bk I, page 197, Prop. LXXIV, Theorem XXXIV
The same things supposed, I say that a corpuscle situated out”
side the sphere is attracted with a force inversely proportionally
to the square of its distance from the centre.“
Bk III, page 415, Prop. VIII, Theorem VIII
In two spheres gravitating towards the other, if the matter in
”
places on all sides round about and equidistant from the centre
is similar the weight of either sphere towards the other will be
inversely as the square of the distance between their centres“.
According to R. T. Glazebrook in the biography of Newton in the Dictionary of National Biography.
According to Newton’s views, every particle of matter in the
”
universe attracts every other particle with a force which is
inversely proportional to the square of the distance between
them.“
The so-called proof of the inverse Square Law is to be found in
Newton’s Principia (1934 Cajori edition) Bk I, Section III, Proposition
XI, Problem VI (pages 56–57) which is fallacious. The reason for the
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fallacy is that Proposition XI is based (page 57) on Section II, Proposition I (page 40) whereby centripetal forces are assumed to be applied to
convert a straight line orbit into an elliptical orbit.
In addition the basis for much of the argument in Section II, Proposition I is the fallacious Area Law for the time taken, which is particularly
inappropriate for the elliptical orbit in Proposition XI.
According to I. B. Cohen in his biography of Isaac Newton in the
Dictionary of Scientific Biography page 61, Newton arrived at the inverse
Square Law by combining two formulae
Kepler’s Distance Law
.
Galileo’s falling bodies Law
Kepler’s Inverse Distance Law and Galileo’s falling bodies Law can
be combined as follows
Kepler’s Inverse Distance Law:

Galileo’s/Huygens’s Falling Bodies Law:

Let r be the distance of the
orbiting body from the sun focus.

A positive relationship is shown between
velocity (v) and distance fallen (r).

Let t be time taken to travel distance r.

Let t be time taken to travel distance r.

Let k be a constant reflecting the units
measuring distance and time.
r
Let velocity v =
t
r3
=
k
t2
r2
=k
t2
„ «2
r
t

Let k be a constant reflecting the units
of measuring distance and time.
r
Let velocity v =
t
v2
=k
r

v2 =

v 2 = kr
=

k
r

k
r

Kepler’s Inverse Distance Law v 2 = k/r can be divided by Galileo’s
Falling Bodies Law v 2 = kr to produce
v2
1
= 2
v2
r
being the so-called inverse square law, an important part of Newton’s
law of universal gravitation.
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Newton and his successors completely misinterpreted the constant
k reflecting the units of measurement. Newton incorrectly supposed that
the constant k was a gravitational constant. Indeed Newton’s concept
of gravitation seems to be mainly based on this misinterpretation.
If a change of the force of gravitation were required, it would not be
reflected in a change to the constant k, it would be reflected in a change
to the root or power. This is something which Isaac Newton and his
successors have completely failed to recognize.
The universal gravitation constant should be 0.5 because 0.5 is the
power to which distance needs to be raised to arrive at the velocity.
The universal gravitation constant is a power not a multiplier in the
relationship between distance and velocity.
The other fallacy of the Inverse Square Law k/k = 1/r2 is that the
definition of r in Galileo’s law (being the distance fallen) is quite different
from the definition in Kepler’s Distance law namely distance from sun
focus.
In Kepler’s distance law there is an inverse relationship between
velocity squared and distance from the sun focus; whereas in Galileo’s
law of falling bodies there is a positive relationship.
The consequence is that when velocity squared is isolated in both
formulae, and Kepler’s formula is divided by Galileo’s formula, the
quotient of constants becomes unity, whereas the quotient of 1/r and
r becomes 1/r2 the inverse square of distances.
In fact Kepler’s definition of distance (from the sun focus) can be
reconciled with Galileo’s definition (distance fallen). One definition is
approximately the reciprocal of the other definition. Distance travelled
is approximate the reciprocal of distance to be travelled to perihelion
near the sun focus.
If Galileo’s definition of distance is treated as the reciprocal of
Kepler’s definition of distance, then Newton’s combination of the two
formulae should have led to 1 : 1 ratio instead of the inverse square of
1 : r2 .
Newton’s inverse square law was therefore incorrectly computed
from the start and should certainly not be regarded as a reliable formula
for the velocity of celestial bodies or for the computation of gravitation.
Indeed for this reason the Newtonian concept of gravitation must be
regarded as lacking any theoretical or factual foundation. One of the
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important lessons to be learnt from Kepler’s works is that gravitation
is measured by the root which needs to be applied to distance so as to
equal velocity.
Newton’s falling apple falls in accordance with Galileo’s law of
falling bodies,
t2 = v 2 = kr.
The further the distance (r) of the apple from the starting point (the
top of the tree) the greater the velocity.
The movements of the Moon in respect of the Earth are in accordance with Kepler’s distance of law
r
k
v=
,
r
where r is the distance of the Moon from the Earth focus.
In both cases the closer the Moon and the apple approach the Earth
the faster their respective velocities. It should be noted that r in Galileo’s
law of falling bodies means distance fallen; whereas r in Kepler’s distance
law means the distance of the Moon from the Earth focus.
No additional inverse square law is needed nor is any additional
concept of gravitation needed. Gravitation is measured by the root which
needs to be applied to distance so as to equal velocity.
In comparing however a celestial body such as the Moon with an
earthly object such as an apple, it has to be recognized that the earthly
object starts at too close a distance from the Earth to avoid hitting the
Earth.
The Moon’s starting point however is sufficiently far from the Earth
to avoid crashing into the Earth. The Moon avoids crashing into the
Earth because it orbits the Earth in an elliptical orbit with the Earth
situation at one of the foci. Nevertheless the basic rules governing the
velocity of the moon and the apple are the same.
Newton’s First Law of Motion Refuted
In spite of accepting Kepler’s achievement in recognizing the elliptical
orbit, Isaac Newton stated his first law of motion as follows. Every body
continues in a state of rest or uniform motion in a straight line until that
state is changed by the action of a force on the body.
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This law may appear to be correct when applied to conditions on
Earth but is incorrect when applied to the universe as a whole in which
so far as we know there are no straight line orbits apart possible from
the journey to the observer at the speed of light of distant images.
So far as we are aware orbits of celestial bodies are basically elliptical. As Kepler suggests in the introduction to Astronomia Nova, this
elliptical orbit is perfectly natural between two or more celestial bodies.
Contrary to Newton’s opinion no force needs to be exerted to bring about
the elliptical orbit from some imaginary straight line orbit.
Velocity is determined by the relationship between at least two
celestial bodies, and is inversely related to the square root of the distance
between the bodies.
This inverse relationship of velocity to the square root of distance
between the bodies may mean either that
1) The velocity is determined by the distance, or that
2) The distance is determined by the velocity.
If the distance is determined by the velocity, then the velocity itself
could be determined by some other force such as mass. In this respect,
the Newtonian concept of inertia could be correct. Inertia is the measure
of the resistance to a change of velocity and is usually regarded as directly
related to mass.
Kepler’s distance law could relate to the fact that celestial bodies of
high mass such as Jupiter position themselves at a greater distance from
the sun than celestial bodies of lower mass such as Mercury. Kepler’s
distance law therefore applies without regard to mass because velocity
is inversely related to mass which is directly related to distance than the
sun focus. Hence velocity will be inversely related to distance from the
sun focus.
Kepler’s distance law applies as much to Mercury as to Jupiter,
planets of entirely different mass. In relation to Earth, Mercury’s mass
is 0.0055 : 1 whereas Jupiter’s is 317.89 : 1.
Kepler did not need to identify gravitation, although gravitation is
tacitly taken into account in the power in Kepler’s distance laws. One
of Newton’s errors in Principia was the failure to recognize that the
gravitation was a power not a multiplier.
The area law treats gravitation as a multiplier instead of a power.
The inverse square law arises from combining Galileo’s falling bodies
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law with Kepler’s distance law without recognizing that the definition
of distance in one law is the reciprocal of the definition of distance in
the other law. Newton’s first law of motion is wrong in that all known
orbits of celestial bodies are elliptical, not straight lines.
The one law which passes all the theoretical and observation tests
is Kepler’s distance law which operates regardless of gravitation, mass,
and the application of forces.
Far from being an improvement on Kepler’s discoveries Newton’s
Principia is a setback to our understanding of the Planetary System.
We do not know all the answers to the problems of the universe.
It is however important that we clarify and interpret correctly what we
do know to provide us with a firm basis for trying to understand the
unknown.
As a first step apart from the theory of inertia relating to mass,
Newton’s Principia must be rejected and instead we must revive most of
the principles discovered by the Austrian astronomer and mathematician,
Johannes Kepler.
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Die erste deutsche Übersetzung des Hauptwerkes
von Nicolaus Copernicus um 1586
(Ein Forschungsbericht)
Jürgen Hamel
Die Stadt Kassel, Residenz des Landgrafen von Hessen entwickelte
sich zwischen 1560 und 1600 zu einem bemerkenswerten Zentrum der
Wissenschaften. Um 1560 hatte Prinz Wilhelm von Hessen auf den
Altanen des Schlosses eine festeingerichtete Sternwarte begründet, an
der er mit systematischen Himmelsbeobachtungen begann. Es war dies
die erste permanente Beobachtungsstation im neuzeitlichen Europa [1].
Erste Beobachtungen sind für den Kometen 1558 nachweisbar, doch
Wilhelm, der am väterlichen Hof eine sehr gute Bildung in den Sprachen
und den Wissenschaften erhalten hatte, begnügte sich nicht mit der
Beobachtung sporadischer Himmelserscheinungen. Sein Ziel erkannte
er beim Vergleich der Ortsangaben von Sternen, die in den Katalogen untereinander und auch vom Himmel teilweise erheblich abwichen
[2]. In den Jahren 1567/68 stellte er einen auf eigenen Beobachtungen
beruhenden Katalog mit 58 Sternen zusammen. Um 1580 bemühte sich
Wilhelm, seit 1567 hessischer Landgraf, um eine personelle Profilierung
seiner Sternwarte. Es gelang ihm, hervorragende Gelehrte und Praktiker
an seinen Hof zu ziehen, so den Uhrmacher und Mechaniker Eberhard
Baldewein, seit 1579 Jost Bürgi, von Wilhelm als zweiter Archimedes“
”
bezeichnet und als Mathematicus“, d.h. als Astronomen Christoph
”
Rothmann. Die etwa 11 Jahre währende Zusammenarbeit von Bürgi
und Rothmann trug die schönsten Früchte. Diese bestanden in einer
geschickten Einrichtung der Beobachtungsinstrumente, besonders ihrer
Ableseeinrichtungen sowie der Uhren der Kasseler Sternwarte. So konnte
hier eine Genauigkeit erreicht werden, die in der Geschichte der Himmelsforschung zuvor völlig unerreichbar war. Um 1589 lag als wichtigstes
Ergebnis ein Katalog von 387 Sternen vor [3], der erste, auf eigenen
Beobachtungen beruhende Sternkatalog der Neuzeit. Die mittlere systematische Abweichung der Örter dieses Katalogs ist mit 1’.5 bis 1’.6
[4] nur mit dem etwas späteren Katalog Tycho Brahes zu vergleichen, ja
betrifft diesen sogar zum Teil.
Über Christoph Rothmanns Leben ist bis heute nur wenig bekannt.
Er stammte aus dem anhaltinischen Bernburg und begann 1575 im nicht
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nin weit entfernten Wittenberg sein Studium, das er bereits stark
auf die Astronomie, vermutlich auch die Theologie orientierte. An den
Kasseler Hof kam er nach 1580, wo er bis zum Mai 1590 blieb. Von einem
Besuch bei Tycho Brahe im Sommer jenes Jahres kehrte er unter ungeklärten Umständen niemals mehr nach Kassel zurück — eine Reihe von
angefangenen Arbeiten zurücklassend, deren Fertigstellung ihn zweifellos
in die Reihe der bedeutendsten Astronomen gestellt hätte. In seiner
Heimatstadt verfaßte er zwei kleinere theologische Streitschriften über
die Sakramente im Stil der Zeit; um 1600 ist er verstorben.
Jost Bürgi aus dem schweizerischen Toggenburg im Kanton St.
Gallen hatte am 25. Juli 1579 seine Bestallungsurkunde als landgräflicher
Uhrmacher und Diener erhalten. Ihm war es nicht vergönnt, eine höhere
Schulbildung zu durchlaufen, so beherrschte er auch die lateinische
Gelehrtensprache nicht oder nur in Anfängen ([5], S. 7). Bürgi war jedoch
ein genialer Uhrmacher, Mechaniker und Mathematiker. Oblag Rothmann die praktische Himmelsbeobachtung, so Bürgi die Aufsicht über
die Instrumente und Uhren (erst nach Rothmanns Weggang entfaltete er
eine rege Beobachtungstätigkeit [6]). Doch die Zusammenarbeit beider
war durch schwere Spannungen belastet. Rothmann, eigenwillig, vom
Standesbewußtsein des Gelehrten geprägt, behandelte seinen Mechaniker
herablassend als ungelehrten“ Uhrmacher, als illiteratus“ und ideota“
”
”
”
([7], S. 362).
Gelegentlich weilten prominente Gäste an der Kasseler Sternwarte.
Schon 1575 war hier der noch junge Tycho Brahe zu Gast und lernte
Wilhelms Instrumente kennen. Ab 1585 standen Wilhelm IV. und
Christoph Rothmann mit Tycho Brahe in regem Briefwechsel (1596 von
Brahe veröffentlicht [7]), tauschten in langen Mitteilungen Gedanken und
Beobachtungsergebnisse aus. Im Herbst 1584 kam Paul Wittich nach
Hessen, der vier Jahre zuvor die Braheschen Instrumente kennengelernt
hatte; im Mai 1586 schließlich weilte Nicolaus Reimarus Ursus in Kassel,
wie er selbst berichtet [8]. Hier entwickelte sich eine enge Zusammenarbeit zwischen Bürgi und Reimarus, die einen ähnlichen Lebensweg
genommen hatten, da Reimarus, aus dem Dithmarschen im heutigen
Schleswig-Holstein stammend, in ärmlichen Verhältnissen aufwuchs und
erst später wohlwollende Förderer fand.
Die Begegnung mit Bürgi war zunächst für Reimarus sehr ergebnisreich. Bürgi zeigte ihm in langen Diskussionen die Lösung verschiedener
mathematischer Probleme. Reimarus bewahrte dafür seinem liebsten
”
Meister und Lehrer“ ([8], Bl. A 2b ) treue Dankbarkeit. Offenbar fühlte er
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sich so tief in Bürgis Schuld, daß er auf dessen Wunsch eine beträchtliche
Arbeit auf sich nahm — die Übersetzung des Hauptwerkes von Copernicus in die deutsche Sprache. Bürgi wird in Kassel recht bald mit
dem heliozentrischen Weltsystem wenigstens allgemein bekannt geworden sein, da es in Diskussionen zwischen Rothmann und dem Landgrafen
eine gewichtige Rolle gespielt haben wird; die zahlreichen Bezüge auf
Copernicus im Briefwechsel zwischen Rothmann und Brahe legen dies
nahe. So wird Bürgi, der wie schon gesagt, die lateinische Sprache nicht
oder nur unvollkommen beherrschte, den zunächst vergeblichen Wunsch
gehabt haben, das erfolgversprechende Werk der heliozentrischen Astronomie genau kennenzulernen und es vielleicht für die Konstruktion
astronomischer Instrumente zu nutzen. So bot ihm die Zusammenarbeit
mit Reimarus die günstige Gelegenheit, diesen Wunsch erfüllt zu sehen.
Genauere Kenntnis hiervon haben wir aus dem Konzept eines
Briefes [9] Christoph Rothmanns an Tycho Brahe vom 22. August 1589.
Darin schreibt er, Reimarus Ursus habe den Copernicus für Jost Bürgi
so gut es ging“ ( utcunque“) in die deutsche Sprache übersetzt ([7],
”
”
S. 362). Aus Zeitgründen wurde dieser Teil im fertigen Brief (vgl.
[7], S. 181–184) jedoch fortgelassen und erst im August 1590, während
Rothmanns Besuch der Uranienburg, erfuhr Brahe von der Übersetzung
des Reimarus. Er hielt dies immerhin für so bemerkenswert, daß er
am 14. März 1592 Thaddaeus Hagecius, Arzt und Astronom in Prag,
berichtete, Reimarus habe den ganzen Copernicus“ ( totum Coper”
”
nicum“) ins Deutsche übersetzt ([10], S. 323). Allerdings sei darauf
hingewiesen, daß Brahe jede Aktivität von Reimarus argwöhnisch registrierte, war doch, sachlich unberechtigt (vgl. [11], S. 311–325; [12]), um
die Ableitung des geo-heliozentrischen Weltsystems zwischen beiden ein
in extremer Feindschaft endender Prioritätsstreit entbrannt.
Neben den Berichten von Rothmann und Brahe gibt es für die
Übersetzung des Copernicus durch Reimarus ein indirektes Zeugnis
von Bürgi selbst. In den einleitenden Worten zu seiner Schrift über
die Coss“ beklagt er seinen Mangel an Lateinkenntnissen und setzt
”
hinzu, er hätte am Kasseler Hof glehrte personen“ gefunden, die neben
”
”
jrer verrichtung im observiren und calculiren, auch mir zu verfertigung
etlicher werckhe mit vnderricht in astronomia vnd verdolmätschung der
authorum die Hand gereicht“ hatten ([5], S. 7).
Die Übersetzung des Hauptwerkes von Copernicus hat sich durch
eine Reihe glücklicher Umstände bis heute an der Universitätsbibliothek
Graz erhalten [13]. Die Handschrift weist einen Umfang von 230 Blatt
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auf, von denen Bl. 224–230 leer sind. Der Einband ist ein schlichter,
zeitgenössischer Gebrauchseinband aus Pergament der Größe 32,5 cm ×
21 cm ohne jeden Schmuck. Der Erhaltungszustand ist gut, lediglich vier
dunkelgrüne Schließbänder sind abgerissen. Als Lesehilfen wurden für
die Bücher 1 bis 5 des Werkes von Copernicus kleine, über den Rand
hinausragende Schildchen eingeklebt. Das Vorsatzpapier des Einbandes ist, erkennbar am Wasserzeichen, dasselbe, wie das hauptsächliche
Schreibpapier, was bedeutet, daß der Einband in die Entstehungszeit
der Handschrift fällt. Auf dem Rücken befindet sich die Signatur der
Bibliothek Paul Guldins P.G. 78“, sowie weitere, mit der UB Graz in
”
Verbindung stehende Signaturen und Beschriftungen.
Aus dem Wasserzeichen läßt sich die Herkunft des Papiers aus
einer Papiermühle im württembergischen Ravensburg angeben [14];
Ravensburger Papier wurde damals in weite Teile Deutschlands geliefert.
Lediglich 3 Blätter (Bl. 93–95) weisen ein anderes Wasserzeichen, den
kaiserlichen Doppeladler, auf. Dieses Papier ist zudem von deutlich
minderer Qualität (vgl. Bild 1).
Blatt

Inhalt

Autor

Papier

1
2- 92
93- 95
96-191
192-223
224-230

vord. Vorsatz
Buch 1–3, 16
Buch 3, 16
Buch 3,17–5,33
Buch 5,34–Ende
leer
hint. Vorsatz

—
Reimarus, H1
?, H3
Reimarus, H1
?, H2
—
—

A (Ravensburg)
A
B (Doppeladler)
A
A
A
A

Bild 1.

Schematische Darstellung der Handschrift.

Die Handschrift weist insgesamt die Merkmale eines für den direkten
Gebrauch bestimmten Buches auf. Interessante Ergebnisse verheißt eine
genauere Untersuchung der Schrift. Wenn bisher nur von Reimarus als
Übersetzer gesprochen wurde, muß dies hier ergänzt werden: Insgesamt
drei verschiedene Personen waren an der Übersetzung des Copernicus
beteiligt, was bisher völlig übersehen wurde (z.B. [15]). Die erste
Schrift H1 ist die von Nicolaus Reimarus Ursus; mit Ausnahme von 3
Blättern geht sie vom Beginn des 1. Buches bis Blatt 191, enthaltend das
33. Kapitel des 5. Buches. Hier bricht sie abrupt ab. Der weitere Text,
ab Bl. 192, 5. Buch, Kap. 34 ist von einer anderen Hand H2. Da auch der
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Stil der Übersetzung wechselt, ist ausgeschlossen, daß von hier ab vielleicht nur ein anderer Lohnschreiber tätig wurde. H2 führt den Text bis
zum Ende. Zwischen der Übersetzung des Hauptteils und dem Abschluß
der Übersetzung scheint einige Zeit vergangen zu sein.
Als Reimarus die Arbeit abbrach — man darf annehmen, weil er
Kassel verließ — war die Aussicht, das Werk zu Ende zu bringen, sehr
gering. So ließ Bürgi den unvollständigen Text einbinden, gab jedoch
vorsorglich einen Papiervorrat für den Rest des 5. und das 6. Buch hinzu.
Diese letzten Teile der Übersetzung wurden später von der unbekannte
H2 in das bereits mit dem Einband versehene Buch geschrieben.
Von einer dritten Hand H3 stammen die Blätter 93–95, betreffend
Kap. 16 des 3. Buches. Während der Text von H2 einfach den laufenden
Text fortsetzt, hat es mit H3 eine andere Bewandtnis. Hier wurde
vom ursprünglichen Text der Übersetzung von Reimarus ein Blatt herausgerissen, da offenbar die Übersetzung nicht befriedigte und dafür
die jetzigen Bl. 93–95 mit dem korrigierten Text der H3 anstelle des
entfernten Blattes eingeklebt.
Der Text von Reimarus ist flüssig geschrieben, im allgemeinen
sauber und gut lesbar, unterliegt jedoch gelegentlichem Duktuswechsel,
manchmal mehrfach auf einer Seite, wird insgesamt im Laufe der Arbeit
rascher. Es scheint, daß die Arbeit durch zahlreiche, kürzere Pausen
unterbrochen wurde.
Die Handschrift H2 ist weniger ausgeschrieben, wirkt manchmal etwas ungelenk, bes. hinsichtlich der an vielen Stellen schlecht gehaltenen
Zeilen und eines vielfach von Zeile zu Zeile wechselnden Stils. Sie wird
ebenfalls zum Ende hin flüchtiger, bleibt jedoch gut lesbar.
Die Handschrift H3 neigt offenbar zur Flüchtigkeit, ist unregelmäßig,
wechselt von Zeile zu Zeile das Aussehen, ist stärker mit Abbreviaturen
durchsetzt, oft werden Buchstaben nur angedeutet. Dies erweckt den
Anschein, daß der Übersetzungsarbeit keine große Bedeutung beigelegt
wurde. So kam es auch dazu, daß noch ein Teil des folgenden Kapitels
sehr unsauber ausgestrichen, diese Streichung jedoch sofort als irrtümlich
wieder gelöscht wurde.
Die Sprache der Übersetzung ist in allen Teilen ein der Zeit
entsprechendes Frühneuhochdeutsch [16]. Insgesamt folgt die Übersetzung dem Original bis ins Detail; selbst eher rhetorische Floskeln oder
Satzteile, die für das Verständnis unerheblich sind, wurden übertragen.
An einigen Stellen wird die Übersetzung ohne erkennbaren Grund stark
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verkürzend, ja sogar sinnentstellend. Ein extremes Beispiel ist Kap. 18
des 3. Buches, das in Reimarus’ Übersetzung auf etwa 1/3 des Umfangs
schrumpfte — und folgerichtig heißt es in einer Randnotiz: lis in dem
”
gedruckhten nach, mangles an dissem Capittel zimlich uil, sampt einer
Taffel“. (fol. 75) Allerdings — die zahlreichen Tafeln des Werkes sind
generell nicht mitübersetzt worden, weil Bürgi diese ohnedies verstehen
konnte. Weiterhin fehlt ein Teil der Figuren, alle im Textteil der H2.
Bei den vorhandenen stellt man überwiegend eine sehr sorgfältige Ausführung mit Zirkel und Lineal fest.
Astronomische und mathematische Termini werden vielfach in
lateinischer Form beibehalten, teilweise ins Deutsche übersetzt, weshalb
die Untersuchung der Handschrift auch einen Beitrag zur Entwicklung
der deutschen mathematischen und astronomischen Fachsprache zu
leisten vermag. Beispiele zur Übersetzung sind im Anhang aufgeführt.
Die Handschrift weist durchgängig zahlreiche Gebrauchsspuren auf.
Nicht nur daß sogar einzelne Seiten ausgetauscht wurden, auch kleinere
Korrekturen verschiedener Herkunft finden sich. Ergänzungen am
Rand, Korrekturen einzelner Zahlen, Wörter oder Wortgruppen gibt es
durchgängig, doch auch gehäuft in einzelnen wenigen Textteilen.
Als Vorlage der Übersetzung dürfte die erste Ausgabe des Werkes
von 1543 gedient haben, die sich 1573 nachweislich in der Bibliothek
Wilhelms IV. befunden hat ([17], S. 215), doch ist dies noch genau zu
prüfen.
Der Weg der Handschrift von Kassel nach Graz läßt sich wenigstens
teilweise verfolgen. Jost Bürgi hatte schon während seiner Bestallung
beim Hessischen Landgrafen enge Beziehungen zum Kaiserlichen Hof in
Prag, wo er mehrfach weilte. Beispielsweise übergab er am 4. Juli
1592 (julianisch) dem Kaiser in einer persönlichen Audienz einen von
ihm gefertigten Himmelsglobus mit Planetenbewegung, um den Rudolf
II. in einem Schreiben an Wilhelm IV., seinen Onkel, im Februar jenes
Jahres gebeten hatte (vgl. [1], S. 31f.). Auch in den Jahren 1596, 1603
und 1604 weilte er kurz in der Residenzstadt, um am 23. Dezember 1604
auf Wunsch des Kaisers und mit Zustimmung des Landgrafen Moritz,
des Sohnes und Nachfolgers von Wilhelm IV., der am 25. August 1592
verstorben war, ganz in den Dienst des Kaisers zu treten ([24], S. 24ff.).
Damit führen mehrere Spuren nach Prag, denn schon kurz zuvor war
Reimarus als Kaiserlicher Mathematiker hierher berufen worden. In
dieser Stellung, verblieb er bis zu seinem Tode (1599) — gefolgt von
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seinem Erzfeind Tycho Brahe bald darauf — und im Jahre 1601 von
Johannes Kepler als Hofmathematiker ersetzt.
In Prag trat Bürgi in Verbindung mit Johannes Kepler, der hier
seit 1600 zunächst als Assistent Brahes weilte. Kepler knüpfte in Prag
persönliche oder briefliche Kontakte zu vielen Gelehrten, unter ihnen der
Jesuit Paul Guldin [18], mit dem er über Jahre hinweg einen Briefwechsel
führte.
Die Handschrift der Copernicus-Übersetzung gelangte zu unbekannter Zeit und unter unbekannten Umständen in den Besitz Guldins.
Könnte die Handschrift über Kepler an Guldin gekommen sein? Jedenfalls stand Kepler einerseits mit Bürgi, andererseits mit Guldin in
Verbindung, wohingegen es unseres Wissens zwischen Guldin und Bürgi
keine direkte Beziehung gegeben hat. Denkbar wäre, daß Bürgi Kepler
die Handschrift bei einem seiner Besuche in Prag gegeben hatte. Doch
zu welchem Zweck sollte Kepler die Handschrift erhalten haben? Für
ihn war der deutsche Text ohne direkten Nutzen, was gleichermaßen
für Guldin zutrifft. Warum sollte Kepler die Handschrift an Guldin
weitergegeben haben, oder, noch weiter gefaßt: warum nahm Guldin sie
in seine Gelehrtenbibliothek auf?
Guldin wirkte 1618/19 und 1638/39 ([19], S. 173) als Professor an
der 1585 gegründeten dortigen Jesuiten-Universität [20]. Nach seinem
Tod 1643 in Graz ging seine Bibliothek in die des Jesuitenkollegiums
über, die ihrerseits den Grundstock der Lyceal- und später der Universitätsbibliothek Graz bildete [21].
Die Übersetzung des Hauptwerkes von Nicolaus Copernicus ist zum
einen ein interessantes Detail der Rezeption des Werkes von Copernicus ([22]; [23], S. 249–265), zum anderen das seltene Beispiel der
Übertragung eines wissenschaftlichen Grundlagenwerkes jener Zeit in
die deutsche Sprache. Interessenten für wissenschaftliche Probleme beherrschten Latein; wer dessen nicht möchtig war, kam nur selten dazu,
sich so tief in diese Dinge einzuarbeiten, daß die Voraussetzung für ihr
Verständnis gegeben war. Insofern ist die für Jost Bürgi angefertigte
Übersetzung auch ein interessantes Faktum sozialgeschichtlicher Bezüge
wissenschaftlichen Schaffens.
Die wissenschaftliche Bearbeitung dieses Werkes steht bislang aus.
Eine kritische Edition ist mit Unterstützung der Gerda Henkel Stiftung
(Düsseldorf) in Vorbereitung.
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Beispiele aus der Übersetzung
Hand H1
– acronichia oder stellen nach der Sonnen Nidergang in auffgang
– circulum aequinoctialem dem grosten aus dem Parallelis welchen die Erdt mit ihrer
täglichen reuolution umb ihre polos umbschreibet; der aequinoctialen undt Sonnen
wendt uorschreittung; uorschub desfrülings aequinoctj; uorzug der aequinoctiorum;
uorgang der ae.
– axioma oder gemeiner spruch
– das oberst oder uercicem (hauptpunct)
– Eleuation poli oder breitt der Ortt
– summa absis, dos ist der allerentlegnste Ort uon dem centro der welt; Apogeum
oder aux; Perigeum welche die nechste und unterste absis
– Planeten oder jrrende stern
– steiffe stern; der steiffen stern sphaera
– die grimme des Zodiaci; die schlimme des Zodiaci; obliquitet oder schlimme Zodiacj;
obliquae Sphaerae Horizon ist der zu welchen der aequinoctial abhenget
– Prostaphaeresin, dos ist der gradt undt scrupeln, in welchen der wahre motus uon
den mittelern unterschieden
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–
–
–
–
–
–
–

Horizont oder Endtkreiß
Meridianus, welcher durch des Horizont und aequinoctialis polos gezogen
Epiciclium oder Nebenkrayß
richtiger winckel; scharffer winckel; stracke linj
schweiff des kreyses [Kreisbogen]
[Sinus:] die halben theil der linien, welche den schweiff doppelt unterziehen
geschweifften Tryangel der aus drey schweiffen eines grossen kreises der in einer
flache einer runden begrieffen

Hand H2
– deuiationn oder der abkehrung uom weg (das ist uonn der Eclyptica oder sonnen
strasse); deviation, das ist eine abweichung uom wege, gleichsamb mann spreche
eine abwegung
– digressionn oder auß läuffung
– homocentri (das ist, so sie ein undt einerley Centrum mit dem selben haben
werden.); homocentrisch ist (das ist welcher mit demselbenn ein gleich Centrum
hat,)
– inclination (das ist eine Einheldung oder herzuneigung; inclination oder einheldung,
Inclinationn oder obliquitet (der einheldung); Inclinationn, daß ist einbiegunge der
kreißenn oder circkelln
– knöpffe (nodus), nemlich den aufsteigenden, uon welcheren den Sternen einschreitet
jnn oder gegen der mitnachtigen theille; denn niedersteigengen aber uonn welchenn
hindurch gehet gegen denn Mittag; Knöpffe oder Punctenn der durchschneidung
– liberationn oder wiegung; libracion oder wiegung; libramentum oder ardt undt
eigenschafft der hin unnd herrschwankunge; libratio oder weichung; libration oder
hin unndt her wanckelung; librationn oder neigung
– ordentliche folge der Zeichenn, wieder wertiger folge der zeichen
– Refractionn oder hindersich zue rugktreibung des leuchtes oder scheines
– stillstehungen und zuruck kriechungen; zue ruck kriechungen unnd hindersich lauffungen
– sonnen motum oder Cummutation (daß ist der uerenderung, uerwandtlung, oder
abwechßelung.)
[1. Buch, Kap. 10] Uon der Ordtnung himlischer kreysen Cap. X .
Darinnen die steiffen stern stehen, dos daselbst der hohest aus allen sichtbarlichen
himmeln seye, ist nyemandt der daran zweifele, Aber nach der Planeten reuolution
haben die allten Philosophi auch derohalben Ordtnung gemacht, unndt den grundt
daher genommen, dos, die welch in gleicher schnelle gewendet werden ehe, alß die so
weit entlegen, dargegen dieser langsamer alls jene herumbkhommen gesehen werden,
wie bey dem Euclide in den Opticis (uon den augenschein) erwisen wirdt. Meinen
demnach dos der Mont in geringer zeit herumb lauffe dos er nach an der Erdt in
einem geringen krais sich wende, den Saturnum aber an hochsten, der inn sehr langer
zeitt seinen kreis uerricht nach diesem Jupiter , darnach Mars uon der Venere unndt
Mercurio sindt mancherley meinung, darumb dos sie nicht allenthalben uon der Sonn
wie jene, abtretten, sezen dennoch sie etlich uber die Sonn, wie dos Platonis Timaeus
andere unter dieselbe, alls Ptolomaeus undt der meiste theil der jezigen heut zue tag
[. . .]
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Aber man mues der Natur geschwindigkeit uiel mehr folgen, die, gleich wie sie
uornemlich uerhütet etwas unnotigeß unndt ubriges herfürzuebringen, allß ein ding
mit uielerley wirckhung begabet, welches alles ob es schwer scheinet, unndt fast unuermeint, nemlich wieder uiler meinung, so wollen wir doch mit Gott dasselbe forders
so klar machen alls die liebe Sonne ist, nemblich bey denen welchen die Mathematic
nicht unbewust. derohalben do der erste grundt fest bleibt, dann niemandt wirdt ein
füglichere bringen können, dann dos die große der krays, die lenge der zeit bescheidt,
So uolgt die Ordtnung dieser krayß, uon den Obersten seinen anfang nehment,
Der Erst unndt Oberste aus allen, ist die Sphaera der Steiffen Stern, welcher sich
unndt alles anders in sich begreifft: unndt derentwegen unbeweglich alls der ein Ort
alles, nach dem die bewegung, unndt folg aller anderer stern sich richten. dos sich aber
ein uerenderung daran zutragen soll, werden wir dieses, in ausfahrung der bewegung
der erden warumb es dos ansehen habe, andere ursachen einwenden, Nach diesen
firmament ist der erste Saturnus der in 30 jahrn seinen lauff uollendt, nach dem
Jupiter in 12 jharen, darnach Mars in zweyen, die uierte stell hatt die jahrliche
reuolution darinnen wir die Erdt mit dem Mondtkreyß alls ihren Neben Circkel
losiret, zum fünfften Venus inn 9. Monat die sechste stell Mercurius der in 80.
tagen herumb khommet, in der mitten aber zwischen allen helt sich die Sonn, dann
wer will inn solchen schonen gebew oder Tempel dos liecht unndt lampe an einen
bessern Ort stellen, dann uon dannen es alles zugleich möge erleuchten? dann sie
etliche ja nicht unfüglich die leuchte der welt, ander dessen gemüth andere dessen
Regerirer genandt, Trismegistus ein sichtbaren Gott, die Electra Sophoclis, den der
alles anschawet. ja fürwor sizet die Sonn gleichsam auf einem königlichen stul, unndt
leitet unndt regiert dos herumbstehende uolck der stern, So brauch sich auch die Erdt
des Montes dienst, sondern wie Aristoteles de animalibus schreibet haben diese bede
sehr grosse kundtschafft miteinander. unndt empfehet auch unterdessen die Erdt
uon der Sonn unndt wirdt mit jahrlicher frucht geschwengert. befinden der gestalt
in solcher Ordtnung ein wunderlich zuesam stimmung der welt, unndt gewise der
gleichstimmigkeitt unndt bewegung, wie auch der grosse der himmlischen kraysen,
uerbindt uns, welche anderer gestalt nicht mag gefunden werden [. . .] [fol. 10v-13]
[5. Buch, Kap. 35] Uonn den stillstehungen und zuruck kriechungen funff
jrrenden sternenn oderr Planeten. Capitull. 35.
Es bedunckt auch zue der uerhaltung des Motus welcher nach od[er] in die longitudinem geschicht, gehöret auch der stillstehung, zue ruck kriechungen unnd hindersich lauffungen, derselben erkäntnuß unnd wissenschafft, nehmlich, wor, wenner ¿
wenner, wor, undt wie groß dieselbenn geschen, uonn welchenn zwar auch nicht wenig
gehandelt, unndt geschrieben haben, die alten Mathematicj insonderheitt aber der
Appollonius pergaeus: aber solchs nur allen auff solche weis gleichsamb jnn nur allein
einerley ungleiche, unndt in der nehmlich, undt welcherer in ansehen oder achtunge
der sonnen it motum oder Cummutation (daß ist der uerenderung, uerwandtlung,
oder abwechßelung.) genennet habenn, welcher geschicht wegenn des mot[us] des
großenn kreißes oder Zirckels der Erdenn, Nach dem inn maßenn aber so der Sternen
Zirckelen wordenn den großen kreiße der Erden homocentri sein (d[as] ist, so sie
ein undt einerley Centrum mit dem selben haben werden.) jnn welchenn mit einem
ungleichen lauffe alle sternenn werd[en]. gefuhret ihnn oder gegen dieselben undt
einerley theile der weldt, d[as] ist, nach gewöhntlichen lauffe oder anordnung der
zeichenn, unnd also etwa ein sterne, in seinem kreisse. unndt innerhalb des großen
kreißes der Erden, wie Venus unnd Mercurius, in seinem lauffe schneller Monde
sein denn der motus der Erdenn, aus welcherer etwa eine gerade oder rechte linie
uermachet, denn kreis des Sternenn also unnd der massenn zerschritte oder trenn ein
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an der scheitete, dos in ahnnehmung der helffte derselben zerschneidung jnn kreiße
zue der linienn welcher ist uonn unßerm gesichte wel ist aus der Erdenn, bis zue der
untern unndt hinder sich gekrumbten Circumferentz des zerschnitten kreißes eine
solche uerhaltung habe also der motus der Erden gegen die schnelheit oder schnellenbewegung des sternen, alß dann uermache ein zeichenn uonn der also uermacheten
linien gegen d[as] perigeum oder opposit[um] Augis des sternen, unterscheidet die
Circumferentz , unnd die zuerugkkriechung uom fortgange, also undt der maßen,
daß d[as] gestirn in derselben Städt gesetz, unns eine erachtung des anstandts oder
stillstehung uermachet. also auch inn gleicher maßen jnn den anderen aussereren
welcherer motus langsam ist, dann, die schnelle bewegung der Erdenn, so etwa eine
rechte linie uermachet den großen kreis also zertheilet oder zerschneidet, also d[as]
die halbe linie der Section oder durchschneidung, welchere da ist im kreiße gegen
oder zue der, welchere uonn den sternenn bis zue unßerm gesichte in der nähern
endt gebogen ebene oder fleche bestätigt, eine solche uerhaltung hat als welche hatt
der motus des sternen gegenn die schnelle bewegunge der Erdenn, alß dann läßet
sich ansehen der sterne nach unßerm anschauen eine gestalt, eines stehenden Sternen
zuehaben, welchs aber so die halbe lini der Section oder durchschneidung welcher
im Zirckel ist, ein größere (wie gesagt ist,) uerhaltung wirdt haben gegenn das ubrig
außere Segment des Zirckels, dann da hat die schnelle bewegligkeit der erdenn gegen
die schnellen bewegung Veneris oder Mercurj , oder auch der motus etwa einer der
andern dreyen obern gegen den schnellen lauff der erdenn, Alß dann rucket fort daß
gestirn nach ordentlicher, folge der Zeichenn, jm falle aber hin wir dumb dargegen
eine kleinere uerhaltunge sein wurdt (alß wir oben itz gemelt,) alß dann weichet
es zuruck nachwieder wertiger folge der zeichen, umb welches zue demonstriren der
Appoloniu[m] etwa ein Proposition oder bewährliche schleußrede annimpt, aber solchs
nach der Hipthesin der unbeweglichkeit der erdenn, welchs aber dennach, auch nicht
desto weniger angenohmmen anfrage oder fuhrnehmenn in der Erden bewegligkeit
zustimmet, welcheres wir dennach unns auch gebrauchen unnd konnen daßelbig
außagen inßer gestalt und form: [fol. 193–194]
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Kepler’s correspondence with Paul Guldin
Georg Schuppener
It is well known, that the order of the Jesuits was the most important
and the most active Catholic order in the field of science during the 17th
and 18th centuries. In the first two volumes of Poggendorff’s biographic
handbook of scientists, many members of this order are mentioned: 10 %
of all people registered there are Catholic priests and 45 % of those are
Jesuits.1
One field of particularly intensive and successful study carried out
by Jesuits was astronomy. Many of their names are associated with
important discoveries in the history of astronomy such as the discovery
and mapping of the moon-craters. It is nearly impossible to list all
the names of those who made serious contributions as astronomers or
mathematicians, but some of the most outstanding of them were Johann
Schall von Bell, Mario Bettini, Christoph Clavius, Honoré Fabri, Paul
Guldin, Athanasius Kircher, Matteo Ricci, Christoph Scheiner, Gaspar
Schott, and Gregorius a St. Vincento.2
One aspect of the considerable role that Jesuits played in the history
of astronomy, was their support of Kepler in various ways3 and in difficult situations.4 Some of them stood in extensive correspondence with
Kepler.5 The scientific work of other Jesuits was often a topic discussed
by Kepler in his letters.
1

Cf. Butzer, Paul L.: Heinrich Arbosch SJ (1726–1785) — Mathematiker am
Jesuiten-Gymnasium zu Aachen, p. 170 (rem.).
2
A survey about Jesuit mathematicians and astronomers is given e.g. by MacDonnell. (Cf. MacDonnell, Joseph: Jesuit Geometers.)
3

Cf. Duhr, Bernhard: Geschichte der Jesuiten in den Ländern deutscher Zunge
in der ersten Hälfte des XVII. Jahrhunderts, p. 439f.
4

Cf. Caspar, Max: Johannes Kepler , p. 89f.

5

Nevertheless the letters from or to Jesuits represent only a small part of Kepler’s
numerous correspondence, which is edited in 6 volumes of his collected works. Mostly
the letters are written in Latin. A collection of some selected letters have also been
edited and translated e.g. in German by Max Caspar and Walther von Dyck. (Cf.
Caspar, Max, and Dyck, Walther von (Ed.): Johannes Kepler in seinen Briefen,
Vol. 1 and 2).
Further details about Kepler’s contacts with the Jesuits and their support for Kepler
contains the study of Schuster, although his description is partially rather uncritical.
(Cf. Schuster, Leopold: Johann Kepler und die grossen kirchlichen Streitfragen
seiner Zeit, p. 194ff.)
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In this talk, some details of the complex relationship between Kepler
and the Jesuits will be described and analyzed in order to investigate the
Jesuits’ influence on Kepler’s life. More than once, Kepler encountered
difficulties with religious authorities. His deviations from the canonical Lutheran doctrine had serious consequences for Kepler’s social and
religious status.6 Religion made a significant impact on his concept of
astronomy as well, in particular for his conviction about the construction
of the cosmic spheres, formulated in his Mysterium Cosmographicum
and his Harmonices Mundi . In these two works, he argued that the
cosmic system is arranged by divine reason. Consequently, the spheres of
the known planets circumscribe the concentrically ordered five Platonic
regular polyhedrons.7 Thus, it is conceivable that religious issues and
interests also influenced Kepler’s correspondence and his perception of
other scientists’ results.
A detailed study of the religious themes in Kepler’s correspondence
is still missing. It is, however, evident that religious questions are
often touched upon in Kepler’s exchange of letters. It seems to be
most promising to investigate those letters, which the Protestant Kepler
exchanged with members of the order that had been the main force
against Protestantism in Europe from the 16th to the 18th centuries
and, thus, has been regarded often as the most important instrument
of the Counter Reformation.8 Nevertheless the Jesuits respected Kepler
and his scientific work highly.9 Thus the following questions come to
mind: What made a correspondence between adherents of contrary, if
not inimical convictions possible? Did Kepler exchange letters with other
Catholics as well? Why did the Jesuits support Kepler in spite of their
differing religious backgrounds?
Even a cursory glance through the preserved letters reveals that
Kepler had written to several Catholic addresses. One of his main
correspondents, Herwart von Hohenburg, was Catholic.10 Thus, it is
6
Further details about Kepler’s theological thinking and the resulting wide-spread
consequences can be found in Hübner’s treatise. (Cf. Hübner, Jürgen: Johannes
Kepler als theologischer Denker , passim.)
7
Cf. Mittelstrass, Jürgen: Kopernikanische oder Keplersche Wende? —
Keplers Kosmologie, Philosophie und Methodologie, p.2̇12ff.
8

Cf. Wollgast, Siegfried, and Marx, Siegfried Johannes Kepler , p. 10.

9

Cf. Wollgast, Siegfried, and Marx, Siegfried: Johannes Kepler , p. 28.

10

Cf. Schuster, Leopold: Johann Kepler und die grossen kirchlichen Streitfragen seiner Zeit, p. 191f.
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obvious that Kepler did not perceive the religious conflicts of his time to
be a hindrance for his correspondence with Catholics.
The question concerning his good relations to Jesuits and vice versa
is more difficult to answer. The Protestant Kepler was repeatedly, in
general and in more specific ways, confronted with the Counter Reformation initiated by the Jesuit order. He had to leave Graz, for example,
because of that movement, but in this and similar situations he was
helped by Jesuits. He received exemption permits and could continue
to live in Graz for a period of time, while other Protestants had to
leave immediately.11 Thus the question formulated earlier needs to be
reshaped: Why were the contacts between Kepler and the Jesuits so
good and why were the Jesuits so interested to maintain relations with
Kepler?
In the literature concerning the subject, the following possible
causes are mentioned: Most of the biographers interpret the Jesuits’
behavior as motivated by the hope that Kepler would convert to
Catholicism,12 because he had been excommunicated in 1612, when
he settled in Linz, as a result of his serious disagreements with the
Protestant orthodoxy of Württemberg.13 A further motive for this hope
of the Jesuits was that Kepler showed an extensive tolerance towards
people of other confessions, since members of his own family belonged
to differing confessions of faith. Not only was his step-daughter Regina
a Catholic, whom he respected,14 but his uncle Sebald, a brother of
his father, had been a Jesuit.15 These family-ties might have increased
Kepler’s tolerance towards the Jesuit order. They might have formed a
precondition for these contacts.
Nonetheless, these arguments cannot be regarded as the only reasons
for the good opinion the Jesuits had of Kepler. Further research is
necessary to clarify whether the quality of their relations to Kepler
improved over time. Another question to be asked is: Did the Jesuits
11
Cf. Wußing, Hans, and Arnold, Wolfgang (Ed.): Biographien bedeutender
Mathematiker , p. 137.
12
Cf. Wollgast, Siegfried, and Marx, Siegfried: Johannes Kepler , p. 28 and
p. 34, and cf. Hoppe, Johannes: Johannes Kepler , p. 28.
13
Cf. Schuster, Leopold: Johannes Kepler und die grossen kirchlichen Streitfragen seiner Zeit, p. 178ff.
14

Cf. Caspar, Max: Johannes Kepler , p. 200

15

Cf. Hoppe, Johannes: Johannes Kepler , p. 28, and cf. Caspar, Max: Johannes
Kepler , p. 90
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need Kepler and his results in astronomy for their own purposes, i.e.
against Galilei?
Before analyzing some parts of that correspondence in more detail,
it is necessary to mention the prominent Jesuit college in Prague, which
existed during the time Kepler stayed there. Established due to a special
request of emperor Ferdinand I. to reconstruct and animate the sciences
and the arts from a Catholic perspective, the college was founded in 1556
as a residence of the Jesuit order. In the following years, it developed into
an academy, the primary objective of which was the Catholic mission of
the Jesuits. Thus it stood in stark contrast to the Hussite influenced
Charles-University.
With a few interruptions in the 30-year-war it existed independently until 1654, when it was united and integrated with the CharlesUniversity.16 Having received the same academic rights as an university
by an imperial privilege, the academy consisted of two faculties, the
faculty of arts and the faculty of theology. At the faculty of arts,
academic lessons in mathematics and its kindred sciences like astronomy
or physics were held nearly each year.
It is inconceivable that Kepler never came into contact with the
college during the twelve years that he lived in Prague. Nonetheless,
even the most detailed investigation of almost all relevant material about
this academy and especially the mathematical teaching in the libraries
and archives of Prague, Olomouc, and Brno did not yield any evidence
or hint that there was any contact between the scientists at the imperial
court and the Jesuits, teaching mathematics at the academy during the
time of Kepler.17 Thus, there are three possibilities to be speculated
about:
1. There were no contacts between them, because the Jesuits in
Prague were not interested in the recent astronomical research and its
results. The Jesuits at the academy Ferdinandea“, who taught mathe”
matics during Kepler’s stay in Prague, were more or less unimportant
16

For further details about the history of this academy cf. especially the following works: Kroess, Alois: Geschichte der Böhmischen Provinz der Gesellschaft
Jesu, Vol. 1 and 2, Tomek, Wenzel Wladiwoj: Geschichte der Prager Universität,
Überbacher, Philipp: Die Gründung des Prager Jesuitenkollegs.
17
Some results and essential questions are formulated in a short article for the IV.
”
Österreichisches Symposion zur Geschichte der Mathematik“. (Cf. Schuppener,
Georg: Jesuiten-Mathematiker an der Prager Ferdinandea in den Jahren 1556 bis
1654 — Eine Skizze, p. 52ff.) A separate monography about the Jesuit academy and
the situation of mathematics is prepared and will be published possibly in 1997.
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mathematicians. As stated above, it is very unlikely that Kepler never
had any contact with them, not only because of the extended amount of
time he lived there, but also because of the Jesuits’ attitude towards the
German minority in Prague and their interest to establish their academy
as an intellectual center. Hence, the two following alternatives are the
more probable explanations:
2. Contacts existed, but they were entirely verbal due to the local
proximity of coexisting in the same city.
3. Written contacts existed as well, but the documents are lost.
Consequently, the collection of Kepler’s extended correspondence in his
Gesammelte Werke generally and specifically remains to be the main
source for the investigation. Since the letters to the Jesuits are too
numerous to investigate here, a small part, however, has been selected.
Probably the most prominent correspondent of Kepler, who was
both, a mathematician and a Jesuit, was Paul Guldin (1577–1643). His
name is connected with (what is known today as) Guldin’s Rules“,
”
rules to determine the area of surfaces and the volume of bodies by
means of the Center of Gravity. They were published in his main
work Centrobaryca seu de centro gravitatis trium specierum in the years
between 1635–1641.18
The correspondence between Kepler and Guldin contains eleven
letters to Guldin, written between 1618–1628, while all letters written
to Kepler are lost except one. Even this single preserved letter, however,
was formulated by another unknown Jesuit on behalf of Guldin. Kepler’s
letters deal with a wide range of topics, such as Kepler’s financial situation, problems with publishing his work, astronomical questions etc.
and finally religious themes.
The first preserved letter from Kepler to Guldin was a reply sent on
the 16th March 1618 from Linz. In this letter Kepler wrote Guldin in the
first few sentences about the publishing of his Dioptrice and then something about his financial problems in general. Finally he recommended
Guldin metaphorically to prepare his ears to hear the harmonies of the
universe.19 At a first glance, this letter seems to be of little interest in
18
Cf. Lexikon bedeutender Mathematiker , p. 182f.
Some details of Guldin’s life in the order of the Jesuits are mentioned by Duhr. (Cf.
Duhr, Bernhard: Geschichte der Jesuiten in den Ländern deutscher Zunge in der
ersten Hälfte des XVII. Jahrhunderts, p. 432f.)
19

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 17, p. 259f. and p. 491.
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relation to Kepler’s scientific studies, but this is characteristic of almost
all of Kepler’s correspondence with Guldin. They mention only a few
concrete results or merely discuss portions of his research. They draw,
however, a detailled picture of the difficult and insecure circumstances
and conditions of his scientific work, such as the lack of money or the
religious issues Kepler was involved in.
The next preserved letter is dated two years later. Though it has
no official date, it is assumed that it was written in Linz in the summer
of 1620.20 It contains eight short points, which seem to be answers to
questions about Kepler’s financial and scientific situation at that time.
Kepler reported that he is working at the great astronomical tables ( Sub
”
manibus habeo tabulas Rudolphj [. . . ]“ 21 and that the king Matthias and
the heirs of Brahe consigned him Tycho Brahe’s book of observations.
The next letter was written three years later22 and is of more
scientific importance than the ones before. Kepler wrote about his
astronomical observations of phenomena on the surface of the moon.
The original letter is lost, but the text was printed in 1634.23
The following eight letters from Kepler to Guldin are all preserved,
which indicates an intensive correspondence.24 On the other hand, the
only preserved letter“ by Guldin, written in Vienna on March 29th 1628,
”
is a religious treatise, where he praises the main doctrines of the Catholic
25
religion. Hence, it is only possible to describe and analyze one half of
their correspondence. The main ideas of the last eight letters are as
following:
Kepler wrote Guldin about the progress of finishing the Rudolphinian
Tables and in this context about some remarkable past constellations of
planets.
* Kepler asked Guldin for advice in several difficult situations or problems: For instance, he informed Guldin about differences between the
theoretical calculations and the observations of i.e. Regiomontanus.26
20

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 40f.

21

Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 40.

22

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 151.

23

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 151.

24

Cf. Kepler, Johannes: Gesammelte Werke, Vol.1̇8, passim.

25

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 340ff.

26

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 173f.
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He surmised that the average motion of the planets changes through the
centuries, but he is not sure whether it would be wise to conceal this fact
or not. ( Ut nesciam profitenda sit haec anomalia, propter candorem et
”
posteritatem, an occultanda, ad tuendam existimationem artis, contra
audaculos imperitiae lenones, et popularis inscitiae palpatores scepticos.“ 27 )
* Another example of Kepler’s trust in Guldin’s help and the appreciation of his advice is shown in Kepler’s letter from August 30th 1624. He
had sent Guldin a petition to be forwarded to emperor Ferdinand II to
promote the publication of the Rudolphinian Tables. Kepler asked him
now what to bring with him to Vienna to help the progress of his affair.28
This fact also illustrates that Guldin was a very influential person at the
imperial court in Vienna.29
* In this context, it is understandable why nearly all the letters from
Kepler to Guldin contain remarks about several problems with publishing his books. Financial difficulties with regard to printing his results,
other problems and hindrances to his scientific work, and his private life
too, were essential topics in all of his correspondence, not only in that
with Guldin.30
Guldin was one of the most important advisers of Kepler, supporting
him as an agent for his publications. Unfortunately, it is impossible to
evaluate the weight of Guldin’s efforts, because his replies are almost
completely lost. His intermediary role with respect to Kepler’s petition
to the emperor seems to suggest, though, that Kepler highly regarded
Guldin’s assistance.
* Furthermore, the Jesuits’ scientific dispute with Galilei might constitute an additional reason for their interest in and sympathy for Kepler.
A letter dated August 162531 supports such a view. Guldin evidently
had inquired whether Kepler’s treatise Hyperaspistes“ was already
”
available. Guldin presumably hoped to find there arguments in support
of the Jesuits’ point of view with regard to their debate with Galilei about
27

Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 174.

28

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 195 and p. 510.

29

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 468.

30

Cf. Gerlach, Walther, and List, Martha: it Johannes Kepler, p. 135f.

31

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 242.
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the comets.32 Some months later, Kepler indeed sent Guldin copies of
his book.33
Finally, the termination of the correspondence between the two
scholars has to be questioned. The last letters treated primarily religious
topics. Since both discussants held controversial opinions, the question
arises whether this was the reason for terminating the correspondence.
In this context, it must be analyzed whether the termination was caused
intentionally either by Kepler or Guldin.
* Kepler’s last two letters to Guldin express his uneasiness concerning
Guldin’s expectation of Kepler’s possible conversion to the Catholic
church. The related portion of this letter (1628, Feb. 24) reveals Kepler’s
deep sentiments.34 Although he rejected central doctrines of the Roman
Church with remarkable frankness and firm conviction, Kepler appears
nonetheless eager to understand those positions.35 Guldin did not reply
himself to Kepler, but charged another, unknown Jesuit with this task.36
Kepler obviously felt hurt by this break of confidence. He expressed his
unwillingness to continue the theological debate. In spite of that, he sent
Guldin a brief summary of his own theological opinions.37 Thereafter,
no further letter is preserved.
* This fact has been interpreted as the result of an intentional rupture.
There are, however, other possible ways to explain it. In 1628, when the
last letter was written, Kepler’s private circumstances changed rather
often. Finally, Kepler entered Wallenstein’s service and moved to Sagan
(Zaháň).38 Hence, it is conceivable that the exchange of letters between
Kepler and Guldin lost its significance for both of them. At least Kepler
did not need Guldin’s help anymore, neither for publishing his works
nor for promoting his cause at the imperial court in Vienna. Moreover,
the lack of any further preserved letter from Kepler to Guldin might be
32

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 520.

33

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 252.

34

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 331ff. and p. 541.

35

Cf. Caspar, Max: Johannes Kepler , p. 400ff.
The explanation of Schuster of this exchange of letters is partially wrong and tendentious. (Cf. Schuster, Leopold: Johann Kepler und die grossen kirchlichen
Streitfragen seiner Zeit, p. 217ff.)
36

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 340ff. and p. 543f.

37

Cf. Kepler, Johannes: Gesammelte Werke, Vol. 18, p. 354ff.

38
Cf. Wußing, Hans, and Arnold, Wolfgang (Ed.): Biographien bedeutender
Mathematiker , p. 148.
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explained in rather simple terms. Earlier in their correspondence, there
were long periods of time, sometimes extending even for years, during
which Kepler and Guldin did not communicate with each other. Thus
the remaining two years until Kepler’s death in 1630 could be regarded
as a further pause of communication, the last one.
Finally, there is a general question about the quality of the relationship between Kepler and Guldin. Due to the lack of Guldin’s replies, no
certain answer can be given. Apparently, Kepler needed Guldin’s help
more often than vice versa. Guldin, for instance, convinced his colleague
Zucchi to provide Kepler with a telescope; Guldin advised Kepler with
regard to several scientific problems; and he forwarded a petition of
Kepler to the imperial court. Kepler on his part merely presented some
of his books to Guldin. As a consequence their relationship, as portrayed
in Kepler’s letters, appears to have been unsymmetrical. Much as this
could be a delusion due to the preserved material, the observed imbalance
might constitute an additional explanation as to why the correspondence
came to a halt in 1628 when Kepler got a secure position in Sagan.
Summarizing the foregone analysis of Kepler’s correspondence with
Guldin, it may be concluded that these letters constitute a valuable
source of information about Kepler’s life circumstances. They allow detailed insights which cannot be gathered from his books. They describe
among others, the conditions under which Kepler worked and published
his research. They talk about his financial shortcomings and other kinds
of difficulties, in particular those regarding religious boundaries. With
respect to the latter, the correspondence highlights the extent of Kepler’s
suffering caused by the religious schisms of his time.
Altogether, Kepler’s letters to Guldin draw a vivid image of the
hardships of their age39 and oblige us to appreciate Kepler’s scientific
achievements all the more.
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Kepler and Tycho in Benátky:
A case of collaboration or co-existence
Abstract
Martin Šolc
The circumstances of the first meeting of Tycho Brahe and Johann
Kepler in Bohemia are documented mainly in their correspondence. Soon
after the arrival at Prague in June 1599, Tycho recognized that the
milieu at the Court of Emperor Rudolph II. is too disturbing for his
astronomical observations. From three castles outside of Prague that
were offered to him by the Emperor, Tycho chose Benátky nad Jizerou
He moved there with his family and some smaller instruments, and began
re-building the castle to an astronomical observatory. Tycho invited also
several collaborators to come to Benátky, among them Johann Kepler.
On one side Tycho wanted that Kepler proves the correctness of his
Tychonic planetary system“ but on the other side he owned jealously
”
books with his observations and did not offer them to Kepler. After
four month of common life with Tycho, Kepler left Benátky (in June
1600) in hope to continue his previous career of a teacher in Graz.
Tycho moved from Benátky to Prague (at the end of 1600) following
the wish of the Emperor to be near to the Court. Thus only the time
after Kepler’s return to Tycho to Prague, when they both lived together
with families in the Curtius House (1601), could be characterized as an
efficient collaboration of both astronomers.
Tycho’s observational work and instruments were reported in the
book of David Gans, jewish scholar of Prague, who visited Tycho several
times. During the reconstruction in 1995, remnants of some old meridian
equipment were found under the parquet floor in one room opened to
south (2nd floor). Traces of the Renaissance wall paintings are preserved
in another room.
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Un cosmologiste oublié: Jean Henri Lambert
Suzanne Débarbat et Jacques Lévy
Si les travaux de Kepler ont eu une large influence sur les progrès
réalisés en astronomie au cours du 17e siècle, le Siècle des lumières a
vu apparaı̂tre de nouvelles conceptions. La courte vie de J. H. Lambert
s’inscrit dans le 18e siècle. Il s’agit d’un nom bien connu dans différents domaines (photométrie, projections cartographiques, mathématiques appliquées, etc.); mais il n’est guère mentionné en cosmologie,
alors que Lambert y a fourni une contribution originale offrant quelques
surprenantes anticipations . . .
1. La cosmologie au milieu du 18e siècle
Le 18e siècle est une époque de transition relativement aux conceptions
que l’on peut avoir de la structure et de l’évolution de l’Univers. D’une
part, depuis un siècle, les progrès de l’instrumentation ont fourni des
informations nombreuses et précises sur les objets du Système solaire
(satellites des planètes, comètes) et sur les objets lointains (nébuleuses);
d’autre part la loi de la gravitation universelle permet de comprendre et
de prévoir les mouvements des corps célestes, et d’expliquer leur forme
géométrique.
Tout en laissant place l’imagination, ces données vont engager
l’élaboration de cosmologies moins arbitraires que par le passé, telle
qu’avait été celle fondée par Descartes sur la base de sa théorie tourbillonnaire. mais ce sera seulement la fin du siècle que Laplace, armé d’un
puissant outillage mathématique, sera en mesure d’exploiter sérieusement ces données.
La première tentative notable de l’époque est celle que Thomas
Wright (1712–1786) élabore en 1750 dans An Original Theory or New
Hypothesis of the Universe. Sa conception est mi-scientifique, mithéologique : Dieu occupe la zone centrale de l’Univers et les astres
gravitent sur une sphère. L’élément positif de cette conception est
l’annonce que la Voie lactée est l’aspect que prend, depuis un point
de la sphère (ou coquille, ou simple ruban, selon différentes affirmations
ultérieures), l’ensemble des étoiles situées au voisinage du plan tangent
en ce point; il y a accumulation dans les différentes directions prises dans
ce plan, et dispersion dans les autres directions. Si Galilée avait constaté
Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

183

que la Voie lactée est résoluble en étoiles, il semble que ce soit Wright le
premier avoir compris l’origine de la condensation observée.
Le célèbre naturaliste Georges Louis Leclerc, comte de Buffon
(1707–1788) a abordé la cosmogonie en 1749 dans les premiers volumes
de sa grande Histoire naturelle . . . (1749–1767) et y est revenu dans ses
Epoques de la nature (1779). Laplace résume ainsi1 sa théorie : Buffon
”
est le seul que je connaisse, qui, depuis la découverte du vrai système du
monde, ait essayé de remonter l’origine des planètes et des satellites. Il
suppose qu’une comète, en tombant sur le Soleil, en a chassé un torrent
de matière qui s’est réuni au loin, en divers globes plus ou moins grands
et plus ou moins éloignés de cet astre: ces globes, devenus par leur
refroidissement opaques et solides, sont les planètes et leurs satellites“.
Buffon, qui pourtant avait publié la traduction d’un mémoire mathématique de Newton, n’avait pas dû assimiler sa loi de l’attraction, car
celle-ci donnerait aux planètes éjectées des trajectoires revenant sur le
Soleil ou, tout au moins, formées d’ellipses très aplaties.
La théorie que Emmanuel Kant (1724–1804) présente en 1755 dans
son Allgemeine Naturgeschichte und Theorie des Himmels est plus
élaborée et couvre la formation des planètes, de l’anneau de Saturne,
des comètes et même de l’ensemble du monde stellaire. Henri Poincaré
en résume le principe dans ses Hypothèses cosmogoniques (1911), p. 2
: Il (Kant) admet qu’à l’origine la matière qui compose les astres
”
était répandue dans tout l’espace, où elle formait une sorte de chaos
nébuleux uniforme dont les particules s’attiraient mutuellement suivant
la loi de Newton. Cet état d’uniformité serait instable, tout centre
de condensation, si petit qu’il soit, devenant immédiatement centre
d’attraction“. Poincaré note qu’il y a là opposition absolue avec les
”
principes de la Mécanique“ : il est impossible qu’un système partant du
repos ait engendré le Système solaire, pour lequel le moment de rotation
n’est pas nul.
Si cette erreur ruine la théorie de Kant, si celui-ci attachait assez
peu de considération son mémoire pour l’éliminer de l’édition de ses
oeuvres — Laplace lui-même en ignorait l’existence, cette théorie n’en
demeure pas moins un jalon dans l’histoire de la cosmogonie ; elle est la
première introduire l’hypothèse nébulaire, qui porte souvent le nom de
Laplace-Kant, bien que la nébuleuse primitive de Laplace satisfasse, elle,
1

p. 498 du Tome VI des Oeuvres complètes de Laplace (Paris 1884)
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aux principes de la Mécanique, et ait engendré une théorie cosmogonique
dont certains éléments restent valables de nos jours.
La quatrième cosmologie construite la même époque est celle de
J. H. Lambert.

Figure 1. La réproduction du portrait publié dans Bulletin du Musée historique de
Mulhouse. Ce portrait est la vignette“ enlargie datée 1768, publiée pour la première
”
fois depuis ce temps dans la thèse (de M. Wolters) en 1980. (Tous droits réservés.)
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2. J.-H. Lambert, un pionnier de la science
On ne peut parler de Lambert sans évoquer sa personnalité, car elle
est assez ignorée. Les scientifiques qui connaissent plusieurs travaux
auxquels ce nom est attaché ne savent généralement pas qu’il s’agit de
la même personne, et les philosophes encore moins.
Un savant mulhousien
Mulhouse est une ville impériale“ depuis le 13e siècle, mais elle
”
a su se tenir à l’écart de toutes les ambitions. Alliée aux Cantons
suisses (16e siècle) et en même temps alliée du roi François Ier (1516
et 1521), dépendant des Habsbourg mais osant adopter le culte réformé
(calviniste), la ville est en fait une petite république, austère et indépendante, qui se fait oublier lorsque Louis XIV annexe l’Alsace (1648).
Son enceinte, symbole de son isolement, ne va pas empêcher l’esprit
du siècle des lumières“ de s’insinuer; alors la ville s’anime, l’artisanat
”
cesse d’être routinier, la vie intellectuelle s’éveille. C’est de ce temps que
Mulhouse acquiert sa personnalité. En 1798, la République helvétique
est proclamée, cependant que Mulhouse est réunie“ la France.
”
Jean Henri Lambert, né en 1728, est marqué par l’ambiance qui
règne. Il sera acharné au travail, malgré une santé fragile, animé
d’une curiosité constante ; rigoureux dans ses moeurs comme dans ses
recherches. Il a en lui-même une confiance absolue, excessive même
lorsqu’elle l’amènera avancer sa mort par un traitement aberrant de sa
phtisie (tuberculose).
Fils de tailleur, il travaille chez son père jusqu’à l’âge de 15 ans, et
s’instruit seul dans tous les domaines. Il quitte alors Mulhouse, où il
ne reviendra qu’en 1759 pour 3 mois, séjourne en divers lieux de Suisse
et d’Allemagne et voyage à travers l’Europe. Occupant d’abord des
emplois de copiste, précepteur ou secrétaire, il sera ensuite membre des
Académies où il séjourne: Göttingen (1756), Munich (1759) et enfin
Berlin (1769) où il demeure jusqu’à sa mort en 1777. Il a eu des contacts
amicaux avec un grand nombre de savants de l’époque: Daniel Bernouilli,
Euler, Kant, d’Alembert, Lagrange, par exemple. Ses mémoires sont
publiés en latin et en allemand, et souvent en français. Les dictionnaires,
selon le pays, le donnent abusivement comme de nationalité suisse,
allemande, ou française: il était mulhousien.
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Principales découvertes
L’oeuvre de Lambert est trop riche pour pouvoir être résumée en
quelques pages. Seuls sont mentionnés ici, par ordre chronologique,
quelques-uns de ses travaux scientifiques. Dans le domaine de la philosophie, il avait des vues si pénétrantes que Kant a pu écrire, avant la
publication de sa Critique de la raison pure, qu’il s’agissait l d’un ouvrage
à attribuer aux questions et suggestions de Lambert.
1760: Lambert introduit la notion précise de flux lumineux et donne à
ce sujet la formule qui porte son nom.
1760: Pour deux positions d’un astre décrivant une orbite elliptique,
Lambert obtient une expression reliant le temps écoulé, la corde et la
somme des deux rayons vecteurs. Formule paradoxale, car l’excentricité
n’y figure pas; elle intrigue les mathématiciens du 19e siècle Jacobi et
Hamilton, et celui-ci démontra qu’elle est exactement équivalente à la
loi de Newton.
1764: Lambert introduit le concept de probabilité subjective: fraction
numérique de la certitude.
1766 (publication posthume, 1786): Lambert est un des pionniers de la
géométrie non-euclidienne. Considérant un triangle dont la somme des
angles dépasse 180◦ , il applique les figures planes sur une sphère imaginaire et obtient les pincipales propriétés de la géométrie hyperbolique.
1768: Lambert démontre le caractère irrationnel du nombre π. C’est la
première percée sur le problème, posé 2000 ans plus tôt, de la quadrature
du cercle; ses méhodes serviront ultérieurement à démontrer la transcendance de π.
1770 : Lambert fonde la théorie des erreurs, ce qui ne sera redécouvert“
”
qu’en 1966, bien que Gauss, auquel on attribue cette fondation, se soit
inspiré de Lambert pour parvenir son principe des moindres carrés.
1792: Lambert donne la première méthode simple du calcul des intégrales elliptiques. Il l’utilise pour construire une Table, en fonction de
la latitude, des valeurs du degré de méridien et de la distance au pôle.
1772: On associe le nom de mathématiciens, tels Lagrange et Gauss, aux
diverses représentations cartographiques dites conformes (qui conservent
les angles). Mais c’est Lambert qui les avaient créées dans leur généralité.
Sa projection conique sera adoptée pour les besoins militaires en 1915 et,
depuis 1948, elle est devenue la projection légale de la France, découpée
en 4 zones Lambert“.
”
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1777: Dans ses études sur la chaleur, en extrapolant ses expériences
sur l’expansion de l’air, Lambert réinvente la notion de froid absolu.
Comme température limite il obtient une valeur qui, transposée dans
l’échelle Celsius, vaut -270◦ ; étonnante précision due, non à une heureuse
coı̈ncidence, mais à l’habileté conjuguée du physicien et du théoricien.
Lambert, s’il n’a pas créé les lignes trigonométriquues hyperboliques, en a donné et utilisé la correspondance systématique avec les
lignes circulaires. Il a composé sur la perspective un Traité entièrement
original. Il a inventé le procédé concentrant la lumière par un cône
métallique, c’est-à-dire le phare automobile; etc. Par l’extrême diversité
de ses recherches, aboutissant à un résultat concret et souvent définitif,
Lambert apparaı̂t comme un cas unique dans l’histoire des sciences.
3. Les Lettres Cosmologiques
Lambert a 31 ans lorsqu’il commence la rédaction des Lettres Cosmologiques. Il est de retour de son périple européen, et il est alors
professeur d’Université Munich. La publication s’effectue deux ans plus
tard: Cosmologische Briefe über die Einrichtung des Weltbaues (Augsburg, 1761).
L’ouvrage est peu diffusé, et il est aujourd’hui très rare. Ce n’est
qu’en 1943 qu’il sera partiellement republié en allemand. Mais une
traduction complète en français a été réalisée par L. Darquier: Lettres
cosmologiques sur l’organisation de l’Univers écrites en 1761 par J.H. Lambert, augmentées de remarques par J. M. C. von Utenhove (Amsterdam, 1801). Cette traduction, avec ses notes et son importante
documentation sur Lambert, a été intégralement republiée récemment,
préfacée par J. Merleau Ponty (Paris 1977). Il existe enfin une traduction
anglaise, avec 44 pages de notes, due Stanley L. Jaki: Cosmological
Letters on the Arrangement of the World Edifice (New York, 1976); elle
suit la pensée de Lambert d’une façon très rigoureuse. Les citations du
Briefe faites plus bas sont extraites du texte de Darquier.
Le Briefe, qui est un in 8◦ , comprend une préface de 24 pages et,
en 318 pages, vingt lettres qui se présentent comme une correspondance
entre l’auteur et un ami. Le rôle de l’ami est de commenter la lettre qu’il
vient de recevoir, de poser des questions ou des objections, et d’apporter
des informations complémentaires. Lambert écrit: J’aurais désiré que
”
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Figure 2. Two pages reproduced from Lettres cosmologiques . . . . (Editions Alain
Brieux, 1977): On the left, the title page of Darquier’s translation (Amsterdam,
1801). On the right, title page of the bicentenary edition (Paris, 1977). (Tous droits
réservés.)

ces lettres pussent servir de suite aux Mondes de M. de Fontenelle: mais
outre qu’il m’était impossible d’atteindre à la richesse du stile (sic), la
vivacité des images, à la légèreté du badinage qui y brillent de toutes
parts, . . .“. Lambert est conscient de l’écart existant entre le badinage“
”
des Entretiens sur la pluralité des mondes (1686) et son style pesant
assorti de digressions interminables et souvent superflues.
La Préface des Briefe expose l’objet du travail, et commente différents résultats présentés au cours des Lettres. Son principal intérêt est
dans un développement un peu long, mais lucide, relatif à la différence
de nature des deux méthodes utilisées conjointement pour sa construction de l’Univers. L’une est géométrique (i.e. mathématique), donc
rigoureuse. Mais l’autre est métaphysique: . . . la Téléologie sert non
”
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seulement à constater la généralité des Loix de la nature, mais même
les faire trouver;“ Il en résulte que . . . le lecteur pourra librement
”
se décider en adoptant ce qui lui paraı̂tra suffisamment confirmé par
l’observation, ou en rejetant . . . ce qui n’est donné que comme probable“.
Autant la Préface est d’un abord aisé, autant la lecture des Lettres
est une pénible épreuve. Si l’historien des sciences doit s’y livrer, on peut
avoir plus simplement une vue de l’Univers tel que Lambert l’a conçu
en se rapportant à une excellente synthèse des Briefe parue en français
dès 1770, sous le titre Système du monde. L’auteur, J.-.B. Merian ne
mentionne pas son nom, qui n’apparaı̂t que dans l’édition suivante (Paris
1784) comme d’ailleurs celui de Lambert. C’est l’ouvrage de Merian, vite
traduit en italien, en russe et enfin en anglais (1800), qui a apporté une
certaine notoriété la cosmologie de Lambert.
A l’époque de Lambert, les données de l’observation astronomique
sont déjà beaucoup plus riches que du temps de Newton. Il est vrai
que les Briefe sont antérieurs à d’importantes découvertes: mouvement
général du Système solaire (Herschel, 1783), Uranus (1781), première
petite planète (1801). Mais Lambert n’a besoin que d’assez peu de
données. Il s’appuie sur la loi de Newton, généralisée à l’Univers alors
que son extension au domaine stellaire n’est pas encore démontrée, et sur
une analyse statistique approfondie des orbites de 21 comètes, d’après
la Table construite par Halley en 1707. Il invoque souvent la téléologie,
terme qu’il affectionne et qui consiste à faire appel aux causes finales
pour expliquer ou imaginer les états antérieurs d’un phénomène. La
téléologie, autrefois envahissante et que Leibniz avait utilisée abondamment, est sur son déclin. Lambert en tire surtout deux principes qu’il
aurait pu poser comme simples postulats: l’Univers offre une certaine
harmonie qui se maintient perpétuellement; l’Univers ne contient pas de
région constamment vide, i.e. qu’aucun objet ne soit amené parcourir.
La téléologie n’est pas toujours stérile, et Lambert remarque qu’elle a
conduit Maupertuis au principe de moindre action.
Lambert écrit dans sa Préface que les Briefe ne comportaient
d’abord que 14 lettres, se limitant sensiblement à l’étude du Système
solaire. Puis il a eu connaissance de la communication faite par Tobias
Mayer le 21 janvier 1760 sur le mouvement de 15 étoiles fixes, et a
étendu ses théories à l’ensemble de l’Univers en ajoutant 6 lettres, les
trois dernières lettres ayant pour objet d’esquisser un tableau complet
”
de l’Univers“. Cette composition de l’ouvrage expliquerait les redites
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que l’on rencontre à partir de la lettre XV. Cependant l’existence des
mouvemens propres, dont Lambert avait besoin pour sa théorie générale,
était prouvée au moins depuis 1738 (Jacques Cassini), et même affirmée
antérieurement par Halley. Le mémoire de Mayer a pu le conforter
dans ses idées, mais il est peu vraisemblable que celles-ci n’aient pas
été conçues avant; d’ailleurs la lettre XIV ne se présente pas comme une
conclusion générale.
Sans suivre les laborieux raisonnements qui, lettre après lettre, permettent d’édifier le monde selon Lambert, par preuves ou par justifications fondées sur une probabilité jugée suffisante, nous allons mentionner
les principaux éléments de l’édifice.

L’architecture du monde selon Lambert
1 – Du fait du principe d’harmonie le monde est partout habitable,
sauf peut-être le Soleil (et les étoiles) quoiqu’il ne soit pas prouvé que le
feu empĉhe toute forme de vie. Il ne contient pas de régions vides: la
gravitation donne aux corps des orbites qui le remplissent. Sa structure
est permanente: les orbites sont telles que les corps ne se rencontrent pas.
Le Système solaire comporte le Soleil, un petit nombre de planètes, et les
comètes: par extrapolation des données de la Table de Halley, le nombre
de celles-ci s’élèverait à 5 millions à l’intérieur de l’orbe de Saturne.
Les comètes atteignent les limites du Système solaire, et portent des
habitants pouvant observer l’ensemble de ce système durant des siècles,
les siècles s’écouleront pour eux comme les heures pour nous “
”
2 – Le monde est hiérarchisé. Chaque satellite occupe le premier
rang ; planète et ses satellites, le second rang. Au 3e rang viennent les
systèmes gravitant autour d’un soleil, lequel est le régent“ du système.
”
Un système de 4e rang est formé d’un ensemble de soleils, telle la fraction
de la Voie lactée constituée par l’ensemble des fixes, Soleil inclus. La Voie
lactée, qui a la forme d’un disque, est du 5e rang. Notre Soleil est assez
voisin de son plan moyen, et n’est proche ni du centre ni du bord du
disque. A partir du 4e rang, le régent de chaque système est un corps
de masse énorme, obscur (autrement, on l’observerait). Sa densité est
considérable: peut-être que l’or, qui est le plus dense des corps terrestres
”
est comme une éponge relativement à ce corps“. Pour la suite des rangs,
il est dit ainsi du reste, jusqu’à ce qu’enfin on arrive à celui qui régit
”
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tout l’oeuvre du Créateur, et vers lequel est dirigée toute sa pesanteur“ 1
Le nombre des rangs n’est pas évalué, mais il est limité (à 1000 par
exemple).
Sur la base des principes mentionnés antérieurement, Lambert construit progressivement son édifice par des raisonnements faisant appel
aux données astrométriques, photométriques et statistiques de l’époque,
trop médiocres pour conduire à des preuves. Mais sa démarche ne laisse
rien à l’arbitraire, au contraire des autres cosmologistes et elle se trouve
affranchie des problèmes d’évolution grâce à son principe de permanence
de l’état du monde. Comme son intuition de chercheur s’associe à la
rigueur du mathématicien, il a des anticipations étonnantes. On a vu
qu’il a inventé notre trou noir“; que son Univers est immense mais
”
fini. La notion moderne de fractal est présente dans sa conception
générale: il signale que la génération des mouvements absolus dans les
rangs successifs se trouve inchangée si on supprime le dernier rang, puis
le précédent, etc. Enfin, jusqu’au 6e rang, l’édifice représente assez bien
notre Univers avec les amas galactiques, puis la Galaxie et son grand
”
attracteur“, puis les amas de galaxies.
Les Lettres cosmologiques, peu diffusées, n’ont pas eu d’impact
et bientôt Laplace, avec sa célèbre hypothèse, devait effacer toutes les
cosmologies antérieures. Mais on commence à reconnaı̂tre aujourd’hui
l’intérêt exceptionnel de l’oeuvre cosmologique de Lambert et on note
que, jusqu’à Einstein, il aura été strictement le seul à traiter de la totalité
de la matière présente dans l’Univers.

Sous l’influence de Roger Jaquel professeur à Mulhouse, récemment décédé, un nouvel intérêt s’est manifesté pour le savant mulhousien.
Jaquel lui-même lui a consacré de nombreuses études et, à l’occasion du
bicentenaire de sa mort, est à l’origine du colloque international tenu à
Mulhouse (26–30 septembre 1977) sous les auspices de l’Université de
Haute-Alsace. Les auteurs ont puisé nombre d’informations dans les
Actes de ce colloque (Editions Ophrys, Paris, 1977). Le portrait de
Lambert est extrait d’une étude de Jaquel parue dans le Bulletin du
Musée historique de Mulhouse, XC, 65-86e, 1983.
1
Cette traduction par Darquier est infidèle: Lambert a parlé de régir la Création
”
dans son ensemble“.
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The cosmological ideas of the peoples
in the ancient Near East
Abstract
Harald Gropp
The European astronomers Kepler and Brahe made a big step
forwards to a new view of the world in the sixteenth century. Four or
five thousands years earlier a lot of interesting cosmological ideas were
developed in Mesopotamia, e.g. by Sumerians, Accadians, Babylonians
or Assyrians. Many traditions in mathematics, astronomy, and astrology
were started in these early cultures. I would like to discuss some of these
ideas and, if time allows, the cosmological ideas of those people who lived
in many parts of Europe in the first millennium before Christ. These
are the Celts whose origin was in what is now called Bohemia, Germany,
and Austria.
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Romanian Astronomical Activity
in the Middle Ages
Magda Stavinschi, Vasile Mioc
The Romanian Middle Ages starts at the bound between the first
millennium and the second one, and ends only at the beginning of
the 19th century, along with Tudor Vladimirescu’s revolution of 1821,
genuine turning point in the Romanians’ struggle for national freedom
and social justice, for getting rid of any foreign domination, for general
recognition of their legitimate rights. It is hence a matter of about
eight centuries of unbroken fights for recognition and advancement of
the centralized and independent Romanian states, for the defence of
national and state being, a battle whose culmination was the union of
the three Romanian countries, in 1600, under Michael the Brave.
It is therefore not astonishing the fact that such a stirring epoch was
far from being favourable to the cultural flourishing, especially East and
South of the Carpathian chain, lands fairly exposed to outer invasions.
Numberless calamities — wars, forays, earthquakes, fires — cruelly razed
most of the evidences of civilization in these Romanian regions. Nevertheless, something was remaining, particularly in Transylvania, land of
protected by the Carpathian arc.
In this paper we propose a brief excursion into the most remarkable
moments of the evolution of Romanian astronomy, the oldest science in
these parts, as well as all over the world.
In the Romanian schools in Transylvania astronomy was taught as
far back as 1130. There were such schools in Alba Iulia and Oradea.
Lying in the Western Transylvania, hence under the direct influence of
the European schools, the town of Oradea became, during that period,
the greatest Transylvanian cultural centre.
Between 1445–1465 the Bishop of Oradea was Ioan Vitéz . Born in
1408 at Zredna, in Croatia, he was the preceptor of Iancu of Hunedoara’s
sons, Mathias and Ladislau. Genuine humanist of this epoch, he dealt
not only with literature, art and music, but with astronomy, too. So,
he initiated at Oradea the first astronomical observations in this zone of
Europe. His deep astronomical knowledge came probably — as in the
case of other priests of that time — from the necessity of explaining the
anti-Christian spirit of the astrology. For lack of adequate instruments
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of observation, Vitéz tried to bring to Oradea reputed scholars from the
great European cultural centres, especially from Vienna.
To set up a Transylvanian astronomical observatory, he invited the
renowned mathematician and astronomer Georg Peurbach (1423–1461)
from Vienna, and Ioan Nihili from Prague. Enticed by the exceptional
material advantages offered by Vitéz, Peurbach really contributed to
the foundation of the Observatory at the Episcopal Court of Oradea, by
means of instruments and observational data sent from Vienna, where he
was teaching on. The observatory was added in this way to a rich library
endowed, of course, with celestial drawings and maps, as well as with
books of astronomy. In one of them, Ptolemy’s famous Almagest, there
are some personal notes on the map at the end of the book, concerning
the stars’ positions on the sky (the map is now at the National Library
in Vienna).
Among the instruments sent by Peurbach we mention a gnomon
geometricus, used to measure stellar elevations, and a solar clock with
instructions for use.
Because the solar eclipses were (and still are) the most spectacular
heavenly phenomena, Vitéz asked Peurbach to draw up the necessary
ephemerides for their prediction. In 1456 he received the respective
tables — Tabulae Waradienses — calculated for the meridian of Oradea.
This was the first work of this kind in Eastern Europe, and was edited
several times, being known all over the old continent. Vitéz also obtained
from Peurbach a Theory of Planets, based on the principles of heliocentrism. And so, ever since 1456 the Romanians knew the heliocentrism,
which was to be settled only some decades later, by Copernic (1543).
Unfortunately, the two textbooks cannot be found in Romania anymore.
Prompted by King Mathias Corvin, Vitéz — who was called at the
Royal Court since 1465 — founded the University of Bratislava and
appointed the Faculty. There he continued his astronomical activity,
an evidence being the tables for planetary positions and perturbations
ordered to the famous mathematician and astronomer Regiomontanus.
The severe times which fell upon Oradea after Vitéz left the town
led to the destruction of the observatory. The only instruments and
evidences on it are kept at the Museum of Oradea.
Only five years after the publication of the famous De revolutionibus
orbium coelestium, a scientific book, Rudimenta cosmographica, Tigvi
apud froscoerum, printed in Latin, appeared in Braşov. This was the first
textbook of science (geography and cosmography) written by a citizen
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of Braşov, Ioan Honterus (1498-1549). Honterus (real name: Johann
Grass) had begun his studies in Braşov, his native town, then studied
letters and law at the University of Vienna (1515–1525). The first edition
of his book had been published in Krakow, in 1530. In 1611 the 26th
edition was published. Written into verses, it contains the first printed
geographic atlas known in Transylvania, and constituted for decades
the reference handbook of astronomy in Germany. The printing house
founded by Honterus in Braşov, in 1533, is still existing and functioning.
A century younger than Gutenberg’s one in Mainz, Germany, it was the
only printing house in Braşov until 1851.
Another reference name in the epoch was Conrad Haas (1509-1579),
author of the first part of the Colligate of Sibiu (1529-1555) — On
Rockets and Their Use. It is the oldest work known today which presents
stage rockets and their manner of use as mean of aerospace transport,
and in which the term of rocket is introduced maybe for the first time.
By fate’s will, about four hundred years later, another pioneer of the
reactive technique and astronautics — Hermann Oberth — had to be
born (1894) in the same town.
Following the model of Honterus (reformer of the village school
in Transylvania), the Voivode Despot founded in Moldavia the Latin
College of Cotnari (1561–1563). Later, this school functioned in Iaşi
until the 18th century. Other schools known at that time were the
monastic schools of Cozia and Râmnicu Vâlcea, the colleges in Alba Iulia,
Cluj, Aiud, the theological schools in Alba Iulia and Oradea, as well as
the Princely Academies in Bucharest (1604-1821) and Iaşi (1640–1821).
Among other courses, in all these schools one taught the astronomy.
At the Princely Academy St. Sava in Bucharest (founded in 1694),
Sevastos Kymnitis (Sebastus Cymnites Trapezuntius) taught mathematics and astronomy. Born in Kymene, near Trapezunt, in 1622, Sevastos
Kymnitis, after beginning his studies in his homeland, left for Constantinople, then for Italy. Back in Constantinople, he was appointed
professor and rector instead of Alexandru Mavrocordat Exaporitul.
Hearing of his fame, The Voivode of Wallachia, Constantin Brâncoveanu,
appealed to him and appointed him director of the Academy of Bucharest
(1689–1702, or at least 1694–1702). During that period he also was
preceptor of Brâncoveanu’s sons. Highly cultivated man, he printed in
Greek, at Snagov, a Treatise on Holidays and Calendars (Eorthologin).
He died on September 6, 1702 and was buried at St. Sava. His gravestone,
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on which there is the epitaph written by Ioan Comnenul, was later moved
at Mogoşoaia.
On 19th November 1629, Professor Johann Heinrich Alsted (7th
January 1588 – 30 November 1638) from Herborn, Germany, was invited
at the Alba Iulia College (also known as Collegium Bethenianum). He
organized the College following the model of the University of Heidelberg, although the Alba Iulia school had not an academic character.
The college lasted since 1622 until 1658, when it was destroyed by a
Tartar invasion. Alsted had studied at universities of Herborn, Marburg,
Heidelberg and Basel. He had taught the philosophy at Herborn for 21
years, then he moved to Alba Iulia College. Among his 61 works, the
most important is considered to be Methodus Admirandorum Mathematicorum complectens Novem libros Matheseos universae: in auorum 1.
Mathematica generalis 2. Arithmetica 3. Geometria 4. Cosmographia
5. Uranoscopia 6. Geographia 7. Optica 8. Musica 9. Architectonica.
Studio Ioannis-Henrici Alstedi. Herbornae Nassoviorum 1613. Printed
at Nassau, it was the first textbook of mathematics in Latin which was
in circulation in Transylvania. It included 532 pages, an Index and an
Appendix, and appeared in four editions, all without figures. Alsted
wrote this book on the basis of several old handbooks, among which we
mention that of Pierre de la Ramée (Petrus Ramus) of Sorbonne (killed
during St. Bartholomy’s night because he was a Protestant).
Unlike Johann Alsted (who had taught especially philosophy), his
son-in-law, H. Bisterfeld, taught only mathematics. One of his students
between 1638 and 1642 — András Porcsalmi — transcribed at the end
of his philosophy book 27 pages of mathematics, 9 pages of physics, and
12 pages of astronomy which were preserved so far. Porcsalmi had to
become later rector of the reformed College in Cluj.
The first half of the 17th century also recorded the presence of
another great scholar of the time — Israel Hübner . He was the author
of an original cosmogonic theory, a compromise between geocentricism
and heliocentricism. According to his theory, Mercury and Venus move
around the Sun, the Moon around the Earth, but the other planets
known at that time (Mars, Jupiter, and Saturn) rotate concomitantly
around the Earth and around The Sun, in noncircular orbits.
The permanent contacts between Transylvania, Moldavia and Wallachia along the 17th century contributed to the spreading of many
elements of culture on both sides of the Carpathes.
Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

197

A convincing example: the most erudite personality Wallachia had
before the 19th century — the High Steward Constantin Cantacuzino —
had acquired an extensive knowledge of astronomy during his studies
at the University of Padova, and contributed to the foundation of the
Princely Academy in Bucharest. He was a friend of the General Luigi
Fernando di Marsili (1687–1701), who performed some astronomical
works and observations in Transylvania.
A remarkable personality of the Romanian culture was Hrisant (or
Chrysant) Notara (he signed Hrysanthos Notaras). He was sent abroad
by Constantin Brâncoveanu, one of the most enlightened voivodes our
country has had. So, Notara studied at Constantinople, Padova, Paris
(where, it seems, he was a student of Cassini I), Moscow, perhaps
even in England. Back in Wallachia, he was for a while preceptor
of the Voivode’s sons, then he became Patriarch of Jerusalem (1707–
1731). During his stay in Bucharest, he was appointed by Brâncoveanu
to reform the princely school (founded in 1707) called later Princely
”
Academy“. There were taught all sciences known at that time. All
courses started with logics and about the sky“. The Princely Academy
”
in Bucharest came to a head between 1776 (when it was reorganized by
Alexandru Ipsilanti) and 1821.
A particularly important book written by Hrisant Notara was Introductio ad geographiam et sphaeram, printed in 1716 in Paris. It has 176
leaves and four engravings, several figures and the author’s portrait. In
this book there are noted for the first time the coordinates of the towns
of Bucharest (47◦ longitude, 45◦ latitude) and Târgovişte (48◦ longitude,
46◦ latitude), the latitudes are fairly nearby the exact ones. According
to the values of the coordinates, it is very probable that the meridian
of origin was considered that of the Iron Island, to which the longitudes
were reported for a long time. The book also contains many notions of
cosmography.
Nicolae Mavrocordat founded in the spring of 1714 — during his first
reign — the Princely Academy in Iaşi, which had to reach the academic
level only in 1755 or 1766, and where astronomy was taught, too.
The 18th century signifies for the Transylvanian culture a transit
period from the late humanism to the early enlightenment.
A personality that deserves to be emphasized in this context was
the Jesuits’ monk Maximilian Hell (1720–1790). He studied in Vienna,
and taught at the Jesuitic University in Cluj between 1752 and 1755, then
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at the Vienna University, where he also worked at the Astronomical
Observatory. His astronomical works were published in Ephemerides
astronomicae ad meridianum Vidobonensem, between 1757 and 1786,
in Vienna, too. During his stay in Cluj, he founded there a small
astronomical observatory, whose instruments were kept so far.
Another astronomical observatory was founded in 1795, in Alba
Iulia, within the precincts of the Library, by Bishop Ignatius Batthyani .
He entrusted the management of the observatory to Antonius Martonfi ,
former student of Maximilian Hell, appointing him in 1797 as canon
”
astronomer“. The observatory was endowed with adequate astronomical
instruments: telescopes, gnomons, clocks, quadrants, sextants, micrometers, etc. Martonfi printed there, in 1798, Initia astronomica Batthyanianae Albensis in Transilvania in Albae Carolinae. The textbook
includes the following chapters: I. Originem et Adjuncta; II. Aparatum
Astronomicum; III. Rectificationem Instrumentorum.
After Martonfi, the leadership of the Observatory was taken over
(1797-1826) by Iosif Bede, from whom there remained a mural quadrant
for the determination of stellar elevations (1814).
The astronomical needs have sometimes solved with the aid of
foreign astronomers halted in our regions. Among them we mention
the name of the founder of the Brera-Milan Observatory, Giuseppe
Boscovich, who performed in 1762 measurements of longitudes and
latitudes in Galaţi (in the yard of Saint Archangels’ church: 25◦ 420 0000
longitude, 45◦ 260 0300 latitude) and in Iaşi (in the yard of St. Haralambie
church: 47◦ 100 2400 latitude). He made these determinations by means
of a quarter-circle of reflection (about 45 cm), using the methods he
described in Journal d’un voyage de Constantinople en Pologne fait la
suite de son Excellence Mr. Jaq. Porter, ambassadeur d’Angleterre.
The Russian astronomer Stefan Rumowski published Determinatio
Longitudinis et Latitudinis quorundam Moldaviae et Wallachiae locorum
deducta ex observationibus Johanne Islenieff institutis, work elaborated
on the basis of the astronomical determinations of geographic coordinates
performed by the Russian astronomer Islenieff for some places: Bender,
Akerman, Chilia Nouă, Ismail, Bucharest, Focşani, Iaşi, and Brăila.
We shall not end this brief excursion into the history of the medieval
astronomy in Romania without mention some objects of astronomical
interest, which keep today not only the evidence of the knowledge of
that time, but also that of a genuine artistic sense.
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Perhaps the oldest is the sundial lying on the Southern wall
of Calvaria church in Cluj (12th century). Another medieval sundial
(18th century) can still be seen in Alba Iulia.
Dating from the same period, there still exist some unique samples
of clocks. One of them is lying on the Clock Tower in Sighişoara. Its age
is unknown; one knows only that it has been restored after the fire of
1676. It has two dials, directed towards downtown and city. Near there
are niches in the wall, lodging figurines which symbolize the days of the
week (towards downtown). The fixed images towards city represent the
peace, the justice, and the fairness. Two figurines announce the quarters
of hour, and the other two the day and the night. At midnight, after the
last tick of the horologe, the image of the elapsed day leaves, replaced
by that of the day which begins.
In 1795 there was set up in Oradea the Clock with Moon, in the
tower of the church, called since the Church with Moon. The machinery
indicates very accurately the phases of the Moon.
An interesting museum of old clocks can be visited in Ploieşti.
Among the mediaeval astronomical instruments which subsisted so
far, we mention: an astronomical compass, a solar clock and a celestial
sphere (15th century) — at the Museum of Oradea; a refractor, celestial
spheres, armylar spheres (from the old Observatory in Cluj) — kept at
the Piarist Lyceum in Cluj-Napoca; refractors of various dimensions,
celestial spheres, clocks and other instruments brought by Antonius
Martonfi from Vienna — preserved today at the Batthyanius Library
in Alba Iulia.
But the true Romanian astronomy had to begin only in the second
half of the 19th century, at the height of the modern epoch.
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Cosmological theories at the time of Tycho Brahe
Alena Hadravová & Petr Hadrava
Abstract. The basic task of astronomy till the epoch of Kepler was to
create a model of the Solar system which would agree with observations
and simultaneously be self-consistent. From the observational point of
view the geocentric and heliocentric theories were equivalent and for a
suitable choice of free parameters represented by the system of epicycles
they could agree with Kepler’s laws to any accuracy. The main advantage of Copernicus’ system was its deeper consistency manifesting itself
by smaller number of free parameters. This was achieved on behalf of
intuitively accepted physical ideas. The compromising system of Tycho
was able to save an essential part of these ideas and, moreover, to overcome the disagreement of Copernicus’ system with observational limits on
stellar parallaxes. On the other hand, the Kepler’s model from Mysterium
cosmographicum was an attempt to derive all free parameters from very
basic geometric symmetries. Such an idea provides deep motivation even
for today’s cosmology.

Foreword
The aim of this contribution is to recall the Tycho’s compromising model
of the universe and its relations to both the Ptolemy’s and Copernicus’
systems. Judging Tycho’s approach in the context of the knowledge of
his time we must appreciate it as a very modern. The fact that it was
disproved by consecutive development of astronomy can be a good lesson
nowadays for cosmology and science in general. Despite of the failure
of Tychonic system in its basic conception, it helped to evolve the true
understanding of space.
To commemorate Tycho Brahe, let us use his own words often in
the following text.
Observational status of cosmology at the epoch of Tycho
A success or failure of any physical theory depends on both its conceptual aspects and its quantitative agreement with the nature. In the case
of Copernicus’ heliocentric system it was just the former criterion which
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attracted the attention of the contemporaries and which was the reason
for accepting or rejecting the theory. On the other hand, Tycho Brahe
emphasized the observational criterion and, as he wrote in his scientific
curriculum vitae in Mechanica [1], he found in the very beginning of
his career both Ptolemy’s and Copernicus’ models unconvincing in this
respect: Planetarum etiam motionibus mox attendebam. At quoniam ex
commixtionibus eorum cum fixis stellis tum quoque per lineas hinc inde
ductas animadvertebam, vel ex parvulo isto globo, loca eorum coelestia
non congruere, calculo sive Alphonsino, sive Coperniceo, licet huic magis
quam illi appropinquarent; postea indies diligentius illorum apparentiis
denotandis invigilavi.1 [2,vol. V, p. 107.] He thus formulated his lifetime
goal of ‘renewing of astronomy’, i.e. systematic observational verification
of all assumptions and increasing the precision of all numerical values of
free parameters of the theory.
Tycho also realized that from the point of view of observations
of planets the geocentric and heliocentric systems are equivalent: . . .
circuitum illum annuum, quem Copernicus per motum Terrae in orbe
magno, veteres secundum epicyclos excusarunt, variationi cuidam obnoxium esse perspeximus.2 [2, vol. V, p. 115.] The only observational
way to distinguish between these theories was to measure the annual
parallaxes of stars, which, however, were far beyond the technical possibilities of the then instrumentation. Already Copernicus was aware of
this consequence of his theory and he found the proper explanation:
Quae omnia ex eadem causa procedunt, quae in Telluris est motu.
Quod autem nihil eorum apparet in fixis, immensam illorum arguit
celsitudinem, quae faciat etiam annui motus orbem sive eius imaginem
ab oculis evanescere. Quoniam omne visibile longitudinem distantiae
habet aliquam, ultra quam non amplius spectatur, ut demonstratur in
opticis.3 [3, f.10r.] Tycho made a quantitative estimate following from
1
Soon I observed also the motions of planets. However, because I noticed from the
mutual positions of planets with respect to stars and also from lines drawn between
them and using the small celestial globe, that the positions in the sky agreed neither
with the Alphonsinian nor with the Copernican calculations, although the agreement
with the latter was better than with the former, I started to take care to record
carefully their positions.
2
. . . we have recognized that the annual period, which Copernicus explained by
a motion of the Earth in a large circle, while the ancients explained it by epicycles,
is subjected to a variation.
3
All this [i.e. amplitudes and frequencies of forward and retrograde motions of
different planets and the change of their magnitude] results from the same origin
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the observational limits on stellar parallaxes: . . . si Copernici hypothesibus fides necessario adhibenda foret, id quod Saturnum et fixa sidera
intermediat spatium, aliquoties Solis a Terra distantiam (quae tamen
tanta est, ut elementaris mundi semidiametrum circiter vicies vincat)
excederet.4 [2, vol. IV, p. 155] and he found it unacceptable: Et si nihil
aliud absurditatem in hac Copernicaea revolutionum mundanarum dispositione detegeret, id utique sufficeret: quod adeo immensum spacium
intra Saturnum et firmamentum stellarum, prorsus sideribus vacuum
nullique usui destinatum admitteret, quodque stellae fixae tunc nimiam
et incredibilem magnitudinem, antequam tali lumine nos percellerent,
obtinere deberent . . . 5 [2, vol. III, p. 63–64.]
The Tychonic system
Tycho thus introduced a new system: Quibus omnibus, atque caeteris
huc pertinentibus peculiari quadam hypothesi a nobis ante 14 annos ex
ipsis apparentiis adinventa et constituta consuluimus.6 [2, vol. V, p. 115.]
In this model the Earth was motionless in the centre. Around it the
Moon and the Sun revolved, while the others planets revolved around
the moving Sun. This model thus avoided the above mentioned problems
of Copernicus’ system but it saved its causal connection of Ptolemy’s
epicycles of planets with the motion of Sun.
The only new problem was that the ‘spheres’ of the Mercury, Venus
and Mars intersected the ‘sphere’ of the Sun. This required specification
of the role of these planetary spheres to be (in analogy of comets, the
which is in the motion of the Earth. The fact that nothing of this is apparent in fixed
stars argues for their immense height which causes that the orbit, i.e. the image of
annual motion, disappears from view, because everything visible has some longitude
of distance beyond which it is no more seen, as it is demonstrated in optics.
4
If it would be unavoidable to trust the Copernicus’ hypothesis then the space
which is between Saturn and fixed stars several-times exceeds the distance of the Sun
from the Earth (which is such that it exceeds twenty-times the semidiameter of the
world of elements [i.e. the sublunar sphere]).
5
And even if there will be no other absurdity in this Copernican arrangement of
the motion of the world it would be enough to admit that so immense space between
the Saturn and the sphere of fixed stars completely empty of stars is not destinated
for any use and that the fixed stars must get so vast and incredible magnitude before
they reach us by so bright light.
6
All this and other matters connected with it [the motions of planets] we have
remedied by means of a special hypothesis that we invented and worked out fourteen
years ago, basing it on the phenomena.
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interplanetary nature of which Tycho determined by daily parallaxes)
only their abstract orbits: Accessit et hoc, quod duo etiam cometae, qui
iuxta oppositum Solis ferebantur, satis evidenter ostenderint, Terram
annuatim revera non convolvi, siquidem huius commutatio non detraxit
quidpiam eorum praedefinito et proportionabili motui, ut in planetis,
qui ob id retroagi a Copernico existimantur, usu venit. Tandem itaque
utrisque fundamentis, tam Copernicanis quam Ptolemaicis, ab ipsa experientia eversis, neotericam hanc inventionem citra omne dubium recte
se habere animo confirmabar, praesertim quod perspicerem e cometis, ut
dixi, coelum liquidissima et propria substantia constare nullisque orbibus
duris et realibus, ut tot iam seculis falso creditum est, abundare, ut ob
id nihil obstaculi ingerat, quod Martis imaginarius orbis Solarem non
totaliter includat, sed duobus in locis intersecet, siquidem orbes isti
corporaliter coelo non insunt, sed tamen ex motu siderum fieri intelliguntur.7 [2, vol. VII, p. 130.]
Tycho claimed that he invented his system in 1583, but he described it only in 1588 in the treatise De mundi aetherei recentioribus
phaenomenis liber secundus, which deals predominantly with the comet
of 1577. This treatise was intended as one part of his work Astronomiae
instauratae progymnasmata and Tycho gave it to the public in the form
of some preliminary print in 1588. It was finally published thanks to
Kepler — like the whole Progymnasmata and his other important works
— only after Tycho’s death, in 1602 in Prague. Tycho was very jealous of
his system and he quarrelled about its authorship: . . . quam alii quidam,
inter quos tres nobiles scio, postea pro sua inventione sibi arrogare, et
aliis venditare nimis perfricta fronte non erubuerunt: veluti suo tempore
et loco V. D. occasiones horum indicabo, atque eorum nimiam licentiam
reprimam et redarguam, itaque se habere, adeo evidenter convincam, ut
non sit sincero iudicio praeditis haesitandi aut contradicendi locus. Parcam vero iis, si ingenue admissum fassi fuerint, et mihi mea restituerint.
7
There accedes also what is quite clearly shown also by the two comets carried in
the opposition to the Sun, namely that the Earth does not in fact revolve by annual
motion, because it did not drag them from their predefined and proportional motion
as Copernicus supposes for the planets. And thus I judged that this my new invention
behaves properly without any doubts, especially when I recognized from the comets
that the sky is completely liquid and that it consists of a special substance and not
of firm circles as it was for so many centuries erroneously believed. And thus there
is no obstacle that the imaginary orbit of the Mars does not completely include the
Solar one, but that they intersect in two points, if these orbits are not presented in
the sky physically but their existence is deduced only from the motions of the stars.
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Ideoque a nominandis illis nunc volens abstineo.8 [2, vol. V, p. 115.]
Tycho had in mind especially Nicolaus Raimarus Ursus (Reymers Bär,
? – 1600). Ursus visited Hven in 1584 and, as he claimed, in 1585 he
invented his system, in which the Earth also did not revolve around the
Sun but — on the contrary from Tycho’s system — it turned around
its own axis. In 1586 Ursus explained his system in Cassel and then
described it in the treatise Fundamentum astronomicum (Argentorati
1588). The second man who trespassed against Tycho (according to
him), was the physician from Copenhagen, Helisaeus Roeslin (1544–
1616), who in the work De opere Dei Creatoris (1597) described also very
similar compromise system. To this work reacted also Ursus, at that time
the Emperor’s mathematician in Prague, by the work De astronomicis
hypothesibus . . . [7], in which he accused from plagiarism both Tycho
and Roeslin, however, at the same time, he referred to the ancient
roots of all these systems: Verum has Aristarchi hypotheses postea
alius quidam Apollonius Pergaeus . . . in aliam atque inversam formam
inque alias hypotheses immutavit, inque tales, quales nuper Tycho Brahe,
nobilis Danus, inaequali quidem iure Copernicus Aristarchi, resuscitavit
proque suis edidit sibique vendicare audacter, sed vel inscienter vel iniuriose conatur, cum tamen de iis clare edisserit ipse Copernicus lib. 1.
cap. 10., lib. 3 cap. 25 et lib. 5 cap. 3 et 35, idque ex Martiano Capella,
encyclopaediographo, autore antiquo, cuius ipsius verba ad evidentiorem
ac solidiorem rei demonstrationem post suo loco sequentur. Ipsumque
Tychonem ut simia simiam imitatus hoc anno etiam quidam Helisaeus
Roeslin in edito suo ‘De opere Creationis’ scriptulo, easdem Apollonii
hypotheses, non minore iniuria ac pudore atque ipse Tycho, sive in ipsum
Tychonem, sive ut ipse Tycho in Apollonium plagium committens, pro
suis edidit . . . 9 [7, C III.]
8

There are certain persons, of whom I know three with distinguished names, who
have not been ashamed to appropriate this hypothesis and present it as their own
invention. In due course I shall, God willing, point out the occasions on which they
did it, and repudiate and refute their immense impudence, and I shall demonstrate
that the fact of the matter is as I say, and that so clearly that it will be impossible for
impartial men to doubt or contradict me. But if they honestly admit their error, and
give that back to me that which is mine, then I shall bear with them, and therefore
I now willingly refrain from mentioning their names.
9
Apollonios of Perga [262–190 B.C.] . . . gave the hypotheses of Aristarchos [310–
230 B.C.] in another and inverted form and turned them into a new hypothesis,
namely to such which recently the noble Dane Tycho Brahe revived. Like Copernicus
unjustly did with Aristarchos, he edited it as his own and tried audaciously, either due
to ignorance or injustice, to appropriate it. However, Copernicus himself explained it
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Finally as the third person accused by Tycho was Duncan Liddel,
who in 1588 included the explanation of Tycho’s system into his lectures
in Rostock and later in Helmstadt. He originally referred to Tycho’s
authorship and he also expressed his support to Tycho in his quarrel with
Ursus. However, similar models of the universe were deduced independently also by other authors, e.g. David Origanus (1558–1628) or Simon
Marius (1570–1624). There is known also an alternative compromise
variant of planetary system of Giovanni Baptist Riccioli (1598–1671),
who ascribed authorship of Tychonic arrangement of the Mercury and
the Venus also to Heracleides of Pontos (390–310 B.C.).
Quantitative description of planetary motion
From the point of view of planetary observations Tycho’s system was
also equivalent to both Ptolemy’s and Copernicus’ systems until the
numerical values of orbital parameters are regarded. Tycho performed
his calculations of planetary positions according to the same algorithm
simultaneously with both sets of these values (see e.g. [2, vol. V, p. 276f.])
and he was working to find out his own improved values: Demum
planetarum reliquorum quinque errores scrutari atque hisce excusandis
subvenire non intactum reliquimus, sed in hisce omnibus tam apogaea,
quam excentricitates, quod principaliter requirebatur, tum quoque simplicem eorum motum ac orbium et circuituum proportiones, ita in integrum digessimus, ut erroribus, veluti hactenus, non scateant, et in
ipsis apogaeis aliam quandam adhuc latere inaequalitatem prius non
perfectam deprehendimus . . . 10 [2, vol. V, p. 114–115.] Tycho supposed
the problem of planetary motion to be purely technical: Restat igitur
clearly in book 1 chap. 10., book 3 chap. 25 and book 5 chap. 3 and 35 according to the
ancient encyclopaedist Martianus Capella [5th century A.D.] whose own word then
follow in their place because of more evidence and certain explanation. And later the
same year Helisaeus Roeslin imitated Tycho Brahe — like monkey another monkey
— in edition of his treatise ‘De opere Creationis’ and he edited the hypothesis of
Apollonios as his own with no less injustice and impudence as well as Tycho himself,
either he committed the plagiarism against Tycho or as Tycho against Apollonios . . .
10
Finally, we did not let intact also the investigation of the errors concerning the
other five planets and we contributed to their improvement. For in this whole field we
have assembled, first of all, the apogees as well as the eccentricities, what was mostly
required and further their simple motion and the ratios of their orbits and periods,
so that they no longer contain all the numerous errors of previous investigations. We
have found that the very apogees of the planets are subject to yet another inequality
that had not previously been noted . . .
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nihil aliud in quinque errantibus stellis pariter exantlandum, quam ut
haec, quae circa longitudines et latitudines, atque omnia huc pertinentia
aliter se habere, quam ferunt usitatae tabulae, iam ultra 25 annos (ut
de 10 prioribus nunc taceam) coelitus deductis accuratis observationibus, explorata et constituta habemus, in novos et competentes canones
redacta, numeris exponantur, quorum etiam quaedam initia et fundamenta iam a nobis iacta sunt. Caetera per aliquot calculatores non
difficulter compleri poterint, et postea sequentium annorum, quotquot
lubuerit, ephemerides hinc expangi.11 [2, vol. V, p. 115.] However, Tycho met some problems mainly in the quantitative explanation of the
motion of Mars: Contuli mox intra quadriennium proximum exactiores
apparentias in motu quinque planetarum cum hac nostra hypothesi, et
animadverti eas quam apertissime illi congruere, veterumque una observationibus abunde satisfacere; imo quiddam aliud in hac latere, quod
peculiarem quandam inaequalitatis apparentis occasionem praesertim in
motu Martis (ob Solaris orbis ad eius circuitum admodum sensibilem
et magnam comparationem) excusaret, quae per antecessorum assumptiones nequaquam salvari posset, ut ob id aliqua ex parte cursus Martis
prorsus inexploratus hactenus manserit.12 [2, vol. VII, p. 130.]
These problems were due to the inexact description of Keplerian
eccentric motion by the Ptolemy’s approximation using the equant and
deferent (see the appendix). It was best of all observable in the motion
of Mars because of its large eccentricity and also because of the radius
of its orbit is close to that of the Earth. Tycho recognized that Kepler’s
skill in mathematical and geometrical abstraction, which had been well
11
With regard to all five planets there remains nothing else than to explain that
all that is different from the tables used — the longitudes and the latitudes and
everything belonging here — and all that we have explored and determined by
more than twenty five years of careful celestial observations (without mentioning
the observations of the previous ten years) and which we have arranged into new
and correct tables, this should be explained by numbers. We began this work
and laid its foundations. It will not be difficult to complete it with the help of a
few arithmeticians, and the results will then serve as a basis for the calculation of
ephemerides for the coming years, as many as desired.
12
I compared the precise appearances of motions of five planets in the course
of four years with my hypothesis and I found that they correspond to it and that
it satisfies the observations of ancient astronomers, and moreover, that there is
hidden something additional, which indicates some peculiar inequality occasionally
evident mainly in the motion of Mars (which is in its motion well visible owing to
its comparability with the Solar orbit). This could not be in any way explained by
the assumptions of the antecessors. Hence, because of this, the orbits, especially of
Mars, remain partly unexplored up to now.
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demonstrated in Mysterium cosmographicum, was needed to solve the
problem of planetary motion. He thus invited Johannes Kepler into
Prague and to Benátky nad Jizerou, and really just the motion of Mars
proved to be the proper key to the celestial mechanics.
Appendix
Comparison of Keplerian motion
with Ptolemy’s planetary theory
Let us expand the time dependence of the true anomaly υ and the radius
r of the Keplerian motion into power series in eccentricity e,
(1)
(2)

5
υ = M + 2e sin M + e2 sin M cos M + o(e3 )
2
r = 1 − e cos M + e2 sin2 M + o(e3 ),

where M = 2πt/P is the mean anomaly.
Performing the same with the simple Hipparchian model of uniform
motion on eccentric (the centre of which is distant 2e from the centre of
sight), we arrive at
(3)
(4)

υ =M + 2e sin M + 4e2 sin M cos M + o(e3 )
r =1 − 2e cos M + 2e2 sin2 M + o(e3 ).

One can see that this model fits the linear term of Keplerian motion in
the true anomaly, but it yields twice higher linear term in radius. It was
thus usable to the explanation of the Solar motion, but not for planets.
For the Ptolemy’s motion on deferent (at distance e) uniform with
respect to equant (at 2e) the expansion reads
(5)
(6)

υ =M + 2e sin M + 2e2 sin M cos M + o(e3 )
3
r =1 − e cos M + e2 sin2 M + o(e3 ).
2

It thus deviates from the Keplerian expressions for both υ and r only in
quadratic terms (the deviation in υ being 3-times smaller than for the
simple eccentric).
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The Large-scale Distribution of Galaxies
Piotr Flin

Introduction
Why to speak about large-scale structures of galaxies in connection
with anniversary of Kepler’s Mysterium Cosmographicum? I believe
that Mysterium Cosmographicum was an attempt to answer the question, which was so beautifully expressed over three centuries later by
Charlier (1922): How an infinite Universe can be built up? This question
was very intriguing not only at Kepler’s time, but also long before his
activity, as well as it is very essential for contemporary researchers too.
Moreover, thinking about Kepler’s achievements, his contributions to
so-called Olbers paradox, i.e. the problem why the night sky is dark,
has to be remembered. These two reasons showing Kepler’s interest in
the structure of the Universe permit me to present review of large-scale
distribution of galaxies during this Conference.
The distribution of galaxies in projection on the celestial sphere
In this approach the distances to objects are unknown, so only analysis of
two-dimensional galaxy distribution is performed. The actual situation
is presented in Fig. 1. The observer is located at the point O, observing
objects inside the volume V of the space. All enough bright objects
(i.e. emitting sufficient light) can be registered on photographic plate.
The plate contains objects in the region ABCD, allowing to determine
their coordinates and apparent magnitudes. Well before the true nature
of objects was known, such investigation has been carried out. The
all-sky distribution of 11500 bright galaxies, in galactic coordinates,
is given in Fig. 2. The picture reflects not only the real distribution,
but also selection effects. The most important feature observed in the
Fig. 2 is the lack of galaxies in the region close to the galactic plane.
This zone of avoidance is due to our position within our Galaxy. The
distribution of galaxies, outside the zone of avoidance, is not cause
by the absorption of light. Therefore, the observed in high galactic
latitude aggregations of galaxies should be regarded as real ones. The
surface distribution of galaxies is not uniform. Several overdense regions
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are clearly visible. As can be seen in Fig. 1. in the plate ABCD
two density are observed. The surface number density enhancements,
detected in projected galaxy distribution allow one to determine regions
enhancements called galaxy clusters. There were selected on the basis

Fig. 1

Galaxies observed in volume V

Fig. 2

All-sky distribution of bright galaxies (Charlier 1922)
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of surface density enhancements fulfilling the criterion of the galaxy
excess in the given region and considered magnitude range. This reduces
the influence background and foreground galaxies. Nevertheless, the
observed surface density enhancements could be caused by the projection
effect connected with distribution of galaxies along the line-of-sign. Two
main catalogues of such surface density enhancements were prepared by
Abell (1958) and Zwicky with collaborators (1961–1968). Both were
based on the Palomar Sky Survey made in fifties, using 48-inch Palomar
Schmidt Telescope.
The main goal however, is to determine the spatial distribution of
galaxies, this is the real distribution of galaxies within the observed
volume V . The lack of distances to galaxies in thirties permitted to
discussed several possible points of view. The two opposite ones were
represented by Hubble and Zwicky. Hubble (1934) regarded the distribution of galaxies in depth as random field of galaxies with exceptionally
superimposed great aggregations of galaxies. The scale of such aggregations is a few Mpc (1 Mpc= 3 × 1018 cm). Totally different opinion
was expressed by Zwicky (1938). He considered groups of galaxies and
clusters of galaxies (the former having more than 10, the latter having
at least 50 objects in the given range of apparent magnitudes) as basic
form of spatial distribution of galaxies.
Spatial distribution of galaxies
In the last two decades the amount of data dealing with the third
dimension, this is the distances to galaxies, is growing rapidly. Radial velocities of galaxies constitute the basis for determination galaxy
distances, assuming the correctness of Doppler interpretation of galaxy
redshifts.
Investigation of the distribution of galaxies in the direction of such
large structures, as Coma/A1367 and Hercules superclusters, carried out
by Gregory and Thompson (1978) and Tarenghi et al. (1979) show
clearly that the Hubble picture of random distribution of galaxies in
space is not the correct one. There are some regions with great concentration of galaxies and others, when they are lacking. The usual way of
presentation of such data is to compress the data in one coordinate and
to present pie diagrams (sometime called also wedge or cone diagrams),
showing the distribution of objects in redshift space and one position
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coordinate (either declination or right ascension).
The distribution of galaxies in the case of Hercules cluster is given
schematically in the Fig. 3.

Fig. 3

Schematic representation of galaxy distribution in the Hercules supercluster (after
Tarenghi et al. 1979)

The systematic studies have been undertaken by CfA group. They
studied the distribution of galaxies in several adjoining declination strips
having 6o width (see e.g. Geller and Huchra 1988). It appears, that the
same structure is observed in the huge region of the sky. This huge
structures, which extends for the almost entire Fig. 4 is called the Great
Wall. Also Haynes and Giovanelli (1988) study in the region of Perseus
and Pisces revealed the clear separation of region filled with galaxies
and devoid of galaxies. Similar picture follows from the distribution
of galaxies in the southern hemisphere (e.g. Fairall 1989). It means
that the three-dimensional data revealed the existence of huge structures
containing galaxies and vast regions where galaxies are absent.
The distribution of rich cluster taken from the Abell catalogue
permitted to show, that they are distributed not-randomly in the space.
They are forming large cellular structure (Joeveer and Einasto 1977).
Batuski and Burns (1985) using also Abell clusters as tracer of large
scale structures revealed that there is a possibility of the existence of
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large scale structures extending up to 150 Mpc, and the existence of an
even longer filament is not excluded.

Fig. 4

The spatial distribution of 1778 galaxies in the region 8h < α < 17h ,
26o .5 < δ < 38o .5. The huge structure extending over the whole diagram at
the redshift about 7500 km·s−1 is called the Great Wall. (From: Geller,
M. J., Huchra, J. P., 1988. In: Large Scale Motion in the Universe (eds.
c
V. C. Rubin and G. V. Coyne) °Pontifical
Academy of Sciences

Studying the distribution of galaxy clusters and constructing the
catalogue of superclusters Einasto et al. (1996) concluded, that
there exists a quite regular supercluster-void network of the scale of
”
∼
= 120 Mpc.“ The distribution of galaxies located behind the Virgo
cluster gives also quite similar value to the size of the large scale structure
(Flint and Impey 1996). These mentioned above studies are based on
the rather nearby structures. The clusters of galaxies, determined as
surface density enhancements are situated inside these huge structures,
observed in space.
The very deep narrow pencil beam survey performed by Broadhurst et al. (1990) revealed the similarity of structure distribution in
depth with determined value of the interval between structures equals to
128 Mpc. The other project, Muenster Redshift Project (see e.g Seitter
et al. 1989, 1994), based on totally different ideology, this is determination of redshifts for great number of galaxies from low dispersion spectra
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of huge region of the sky, permitted to estimate the upper limit of void
diameter, as smaller than about 150 Mpc (Schuecker et al. 1994), with
very good agreement with other results.
Conclusions
The present-day basic pattern of galaxy spatial distribution can be
described as mixture of walls in which galaxies are concentrated and
void regions, depopulated from galaxies. This pictures seems to be valid
for nearby Universe, as well as for further part. The extension of these
structures is of the order of 120–150 Mpc (∼
= 3×1021 cm), using the value
−1
of Hubble constant H0 = 100 km·s ·Mpc−1 . Therefore, some authors
are speaking about supercluster-void network“ as representation of
”
galaxy distribution. The regularity of these structures allows Tully et
al. (1992) to use the notion chessboard universe“. From the point of
”
view of cosmological considerations, it is interesting to note that from
the existence of such large scale structures follows that the homogeneity
of the Universe can be observed in the much greater scale that it was
thought twenty years ago.
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Wavelet analysis of galaxy in the Jagellonian Field
Abstract
Irina Vavilova and Piotr Flin
The galaxy distribution can be investigated by two different manners. At first approach, the observed groups, clusters and superclusters
of galaxies are distinguished as individual systems by their enhanced
density in common galaxy distribution.
This a typical cosmographic approach having a deep history from
the first Messier’s papers to the modern results from the redshift surveys.
At second one, the distribution of galaxies is examined as a statistical ensemble and selection of groups, clusters and superclusters of
galaxies is carried out by distinct mathematical methods from which
the wavelet analysis allows to clear up the structure and substructure of
clusters in two-dimensional galaxy distribution.
The data on galaxy distribution in the Jagellonian field are taken
up from the Revised Jagellonian Field Calalogue (RJFC, Vavilova, 1995)
based on digitized scans of original photographic plates. The procedure
of star/galaxy separation is presented briefly in this paper.
By the wavelet technique there was analyzed the central part of
RJFC and three Abell clusters A1226, A1228, A1259 were selected as the
first objects. Both this approach and structure, subclustering, density
profile, luminosity of selected clusters in three colors are presented.

Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

241

Island Universe or Big Galaxy?
Gudrun Wolfschmidt
In 1920, the great debate“ took place: Harlow Shapley defended his
”
model of the Big Galaxy“, i.e. we live in a large galaxy and all nebulous
”
objects belong to our galaxy. He got this result from the distribution of the
globular nebulae. Heber D. Curtis on the other side analyzed novae and
was then convinced that nebulae are far distant objects which are stellar
systems themselves like our galaxy.
The solution of the discussion was brought by Edwin P. Hubble who confirmed the interpretation of nebulae as extragalactic objects, i.e., galaxies,
and introduced the red shift for getting the distance of galaxies. The
resulting expansion of the universe led to a new cosmological world view.

Nicolaus Copernicus (1473–1543) completely changed our world
view in publishing the heliocentric system in his book De revolutionibus
in 1543. But the real overcoming of the ancient ideas was not achieved
before Johannes Kepler (1571–1630) when he introduced elliptical orbits
instead of circles and non uniform motion of the planets. In the next
step after the Copernican revolution, the Sun was moved even more out
of the center to the limit (extreme point) of the Milky Way in Shapley’s
galactic revolution — as it should be shown in the following. As a
third revolution one could regard Hubble’s discovery of the expanding
universe.
In the 18th century nebulae were regarded as far distant stellar
systems or island universes similar to our Milky Way. In the second
half of the 19th century, however, this world view changed because of
new astrophysical knowledge. In 1864, William Huggins (1824–1910)
was very surprised when discovering that spectra of nebulae are no stellar
absorption spectra but emission spectra with bright green lines.
I looked into the spectroscope. No spectrum such as I expected!
”
A single bright line only! At first I suspected some displacement
of the prism [. . . ]. A little closer looking showed two other
bright lines on the side towards the blue, all the three lines being
separated by intervals relatively dark. The riddle of the nebulae
was solved. The answer, which had come to us in the light
itself, read: Not an aggregation of stars, but a luminous gas.“ 1
1

W. Huggins: The Scientific Papers of Sir William Huggins. London 1909
(Publications of Sir William Huggins’s Observatory 2), pp. 101, 106. W. Huggins:
On the Spectra of some of the Nebulae. In: Philosophical Transactions 154 (1864),
pp. 437–444.
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Huggins interpreted this result in the following way: These emission
lines have their origin in luminous gas, i.e. real gaseous nebulae. But
because gaseous nebulae belong to our stellar system, our Milky Way, it
was quickly obvious that there are no other extragalactic“ objects at
”
all.2
The first new hint concerning the nature of spiral nebulae as island universes gave (yielded) the Potsdam astrophysicist Julius Scheiner
(1858–1913) with the spectrum of the Andromeda nebula in 1899: It
was a pure stellar spectrum, similar to the Sun, i.e., a continuous spectrum with some dark absorption lines but without emission lines. As a
result Scheiner published that the Andromeda nebula is an extragalactic
system of the order of our Milky Way. Many nebulae showed only a
continuous spectrum but no bright or dark lines.
Charles August Young (1834-1908) gave this group the name
white nebulae“ in contrast to green nebulae“ (the gaseous nebulae with
”
”
green emission lines). A gas in unusual excited levels in the white nebulae
was considered to be able to produce the spectrum. Photographs of
spirals, taken by George Willis Ritchey (1864-1945) at Mt. Wilson
observatory with the 1.5-m telescope, also looked like nebulae.
All of these [spirals] contain great numbers of soft, starlike
”
condensations which I shall call nebulous stars. They are probably stars in the process of formation.“ 3
Doubts concerning the nature of spiral nebulae as stellar systems
arose again in 1913 when Vesto Melvin Slipher (1875–1969) discovered the reflection spectrum of the Pleiades because it was sure that
the Pleiades belong to the Milky Way and consist of gas containing some
bright hot stars.
This observation of the nebula in the Pleiades has suggested to
”
me that the Andromeda nebula and similar spiral nebulae might
consist of a central star enveloped and beclouded by fragmentary
and disintegrated matter which shines by light supplied by the
central sun. This conception is in keeping with spectrograms of
2
The notion extragalactic“ was introduced by Hubble in 1924 when he had
”
discovered the first Cepheid in the Andromeda nebula. Before he used non galactic
nebulae.
3

Ritchey 1910.
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the Andromeda nebula made here and with Bohlin’s value for
its parallax.“ 4
In 1907, Karl Bohlin (1860–1939) had published in Stockholm an
extremely low distance (19 light years) for the Andromeda nebula.5 So
contemporary astronomers must think that this nebula belongs to our
Galaxy.
Harlow Shapley’s (1885–1972) new idea that all nebulae belong to
our Milky Way, too, was in contradiction with Scheiner’s island universe
conception. Shapley thought
that the evidence . . . is opposed to the view that the spirals
”
are galaxies of stars comparable with our own. In fact there
appears as yet no reason for modifying the tentative hypothesis
that the spirals are not composed of typical stars at all, but are
truly nebulous objects.“ 6
In the following it is to be shown how Shapley and the Lick astronomer Heber Doust Curtis (1872–1942), discussion partners of
the great debate“ in 1920, came to their contrary point of view.7 The
”
solution of the problems depended on the different results of the distance
of nebulae. Before 1920 two different ways existed to estimate the
distances in the universe: On the one hand Shapley’s Cepheid method
is very important, which was developed at Harvard observatory. On the
other hand for Curtis the novae were indicators for the large distances
of spiral nebulae.
The determination of distance made an unexpected step forward by
the work of Henrietta Swan Leavitt (1856–1921) at Harvard observatory, Cambridge/Massachusetts. She investigated Cepheids, a group
of pulsating variables, in the Small Magellanic Cloud, a satellite galaxy
of our Milky Way as we know today. In 1904–08, Leavitt discovered
1777 Cepheids in the Small Magellanic Cloud by analysing photographic
plates of the 1890ies taken at Harvard’s southern observatory in Arequipa/Peru. The result of her work was that bright Cepheids have longer
4

Slipher 1913.
Bohlin 1907.
6
Shapley 1921, p. 192.
5
7

Fernie 1970.
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periods, i.e., that they pulsate more slowly:8 There was a linear relation
between period and apparent magnitude.9
Considering the following, delta-Cephei-stars can be used for measuring the distance: Because the distance of the Small Magellanic Cloud
is much larger than its diameter one can presume that all Cepheids have
the same distance. In this case differences in apparent magnitude correspond to differences in absolute brightness (respectively luminosity). A
further advantage of the Cepheids is that they belong to the brightest
objects in stellar clusters and nebulae. Thus they can be identified even
in large distance. Because of their changing brightness they can easily
be discovered on photographic plates, e.g., by a blink comparator. In
addition the measurement of the period is no difficulty. In this way
the Cepheids with their period-luminosity-relation are ideal indicators
for the distance of nebulous objects. The only problem was the gauging
because no Cepheid had a measurable trigonometric parallax, i.e., didn’t
allow an independent determination of distance.
The Danish astronomer Ejnar Hertzsprung (1873–1967), working at Potsdam observatory, investigated this question. He concluded
out of the low proper motion of the Cepheids to their large distances.
He recognized the full meaning of this period-luminosity-relation. As
early as in 1913, he made the first gauging by the investigation of 13
delta-Cephei-stars which are relatively near to the Sun. He used the
secular parallax, a statistical method, which estimated the distance from
the proper motion. Using the distance and apparent magnitude, he
calculated the absolute brightness (—2,3M ), which corresponded to an
average period of 6.6 days. Using the Cepheid method, he got a distance
of 37 000 light years10 (1/6 of the value known today) for the Small
Magellanic Cloud. Taking for our Galaxy at that time a diameter of
10 000 to 40 000 light years a first hint arose that the Small Magellanic
Cloud could be a stellar system of its own at the limit of our Galaxy.
In 1915, Harlow Shapley tried to improve this gauging method. He
investigated the same 13 galactic Cepheids, canceled two of them and
found them 0.2 m brighter than Hertzsprung. As a distance for the
Small and Large Magellanic Cloud he got finally 102 000 light or 112 000
years respectively. But Shapley’s real goal was the determination of
8
9
10

Leavitt 1908.
Pickering 1912.
Hertzsprung 1913.
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the distance of globular clusters using the Cepheid method.11 All these
showed shorter periods than the local Cepheids. For this reason he
enlarged the period-luminosity-relation to shorter periods.
By the Cepheid method Shapley started at Mt. Wilson determining
the distance of globular clusters. His first results corresponded to the
dimensions of the Milky Way of 30 000 light years — a value which
was accepted at that time, and determined by Jacobus C. Kapteyn
(1851–1922). He and the school in Groningen had developed the method
of stellar statistics around the turn of the century. Their aim was to
determine the structure and size of the Milky Way using the proper
motion as indicator for distance.
When Shapley was surprised to get the result of 100 000 light years
for M 13 and a size similar to our Galaxy, he didn’t conclude that the
globular clusters are far outside of our Milky Way. In contrary, he
argued in the following way:12 If the distance of M 13 is correct, then
the Cepheids of short period in the Magellanic Clouds must be regarded
as being giant stars as it is already known for the galactic Cepheids of
long period. But the distribution in the Milky Way system was different:
the Cepheids of long period were concentrated in the galactic plane, the
Cepheids of short period were distributed more equally.13
In 1917, Shapley determined distances of more globular clusters and
also got large values of 27 000 to 200 000 light years.14 Then his ideas
started to change radically: Perhaps the globular clusters are no distant
stellar systems but belong to our Galaxy? For getting the answer, Shapley investigated the spatial distribution of 69 globular clusters.15 If these
are independent of our Galaxy they should be distributed equally. But
his result was an unusual asymmetric distribution: in the galactic plane
were no globular clusters ( zone of avoidance“); they were concentrated
”
in high galactic latitudes, especially in the galactic poles. In addition
nearly all globular clusters were concentrated to the constellation of
Sagittarius, in the opposite direction existed nearly none.
Thus Shapley concluded: If all globular clusters belong to the Milky
11

Shapley
Shapley
13
Shapley
14
Shapley
12

15

1915, here p. 307–308.
1916, here p. 174.
1917b.
1918, here p. 53.

Shapley 1917a.
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Way, the system is much larger than supposed at that time and the Sun
is not in the center. The globular clusters form the estimated limit of
the Milky Way system. They are distributed in a globular shape and
the center is far away from the Sun in the constellation of Sagittarius.
The result was what might be called a three-dimensional pic”
ture of our galaxy — our own part of the universe. In it the
solar system is off center and consequently man is too, which is
a rather nice idea because it means that man is not such a big
chicken. He is incidental — my favorite term is ’peripheral’.
He is on the perimeter of this operation. And he cannot very
well be put anywhere else, especially since there are a lot of
wheel-shaped galaxies like this one of ours. So it looked as
though we had support from the heavens themselves for the idea
that the center is in Sagittarius.“ 16
The dimensions of the system could be determined in a photometric
way with the Cepheid method. Shapley got for the Halo of the globular
clusters, i.e., the diameter of the Milky Way, 300 000 light years — ten
times larger than supposed at that time. The place of the Sun was
50 000 light years outside the center.17 The non heliocentric character in
contrast to the classical model and the huge size of the system advocated
the contradiction of the astronomers. The reaction of Kapteyn’s Dutch
school to Shapley’s revolutionary model of the Big Galaxy“ is well
”
described in an article by Paul:18
I have always admired the way in which Shapley finished this
”
whole problem in a very short time, ending up with a picture of
the Galaxy that just about smashed up all the old school’s ideas
about galactic dimensions. . . . It was a very exciting time, for
these distances seemed to be fantastically large, and the ’old
boys’ did not take them sitting down.“ 19
In this way Shapley got his idea of the Big Galaxy, the idea that
the Milky Way with the system of the globular clusters form already the
whole universe and that all nebulae are inside the Milky Way.
16

Shapley 1969, here pp. 59–60.
Shapley 1919.
18
Paul 1981.
17
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Baade 1963, here p. 9.
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Curtis, however, promoted the theory of island universe“, i.e., the
”
idea that all spiral nebulae are extragalactic objects — far away and
comparable in size with our Galaxy.
The spirals are a class apart, and not intra-galactic objects.
”
As island universes, of the same order of size as our galaxy,
they are distant from us 500 000 to 10 000 000, or more, lightyears.“ 20
Curtis relied on the measurement of distance by the nova method.
Ritchey, his colleague at Mt. Wilson, was the first who identified in 1917
single stars in far away spiral nebulae an photographic plates. On a
plate of July 19, 1917, he discovered a nova in the small spiral nebula
NGC 6946, which had a brightness of 14.6m .21 After Ritchey had found
more novae on photographic plates, Curtis also discovered three novae
in NGC 4527 and in NGC 4321 on plates of the Lick observatory.
There can be no doubt that these novae were actually in the
”
spiral nebulae. The occurrence of these new stars in spirals
must be regarded as having a very definite bearing on the ’island
universe’ theory of the constitution of spiral nebulae.“ 22
Fascinated Curtis looked through the plate archive and found during
two months eleven novae.23 Especially important were two novae in the
Andromeda nebula M 31 on plates of 1909, because they were already
discovered very early near the maximum brightness at about 17m . All
new discovered novae were weak (about 15m to 18m ) and formed an
uniform group in contrast to the nova S Andromedae of 1885 — one
thousand times brighter, which had reached about 7m in the maximum
and thus made up a considerable part of the total brightness of this
galaxy. With these characteristics it was similar to a nova in NGC 5253
of 1895.
For getting the distances of galaxies, Curtis had to think in the
following way: Which of the two novae groups corresponded to the
galactic novae? Or: Is it necessary to divide novae into two classes,
the novae dwarfs“ and the novae giants“? Only if this question could
”
”
20

Curtis 1921, here p. 198.
Ritchey 1917, here p. 210.
22
Curtis 1917, here p. 207.
21
23

Hoskin 1976b.
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be answered, novae are useful as standard light sources in the universe
for the determination of distance. Curtis decided to cancel both novae
giants (S Andromedae and Z Centauri)24 for getting the average absolute
brightness of novae. Provided that novae in the Magellanic Clouds and
in spiral nebulae have the same absolute magnitude of about —5M and
provided that there exists no absorbing matter in the spiral arms, then
the distance could be estimated.
There is . . . an average difference of 10 magnitudes between
”
galactic novae and spiral novae. Now all evidence available
assigns a great distance to the galactic novae. If we assume
equality of absolute magnitudes for galactic and spiral novae,
then the latter being apparently 10 magnitudes the fainter, are
of the order of 100 times as far away as the former. That
is, spirals containing the novae are far outside our stellar system.“ 25
So in 1917, Curtis got the distance of the Andromeda nebula of
about 500 000 light years and ten millions or more light years for the
distant spirals. With these results the extragalactic character of the
Andromeda nebula should be clear but some astronomers, especially
Shapley,26 doubted, whether the used nova belongs to the Andromeda
nebula.
Who initiated the debate concerning the size of our Milky Way and
the distance problem in the universe?27 Shapley remembered as follows:
Heber D. Curtis at the Lick Observatory, who was one of the
”
best observers and talkers about the universe, was sceptical concerning the Mount Wilson work. He started out as a classicist
. . . He had his strong views, and I published my data on the
arrangement of stars in the universe. I think [Frederick Hanley]
Seares [1873–1964] believed that what I was doing was right,
and he may have taken it up with [George Ellery] Hale [1868–
1938] who was then managing National Academy of Sciences
affairs. It was natural enough for a person with a quick mind
24

The novae-giants“ are according to our conception supernovae.
”
Curtis 1917, here p. 207.
26
Shapley 1917c.

25

27

Berendzen/Hart/Sealey 1984. Smith 1982. Jaki 1972.
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like Hale’s to say, ’Well, let’s fight it out. Let’s see what it is
all about. This is sensational if Shapley is right.’“ 28
The great debate The scale of the universe“ took place in the
”
National Academy of Sciences in Washington April 26, 1920.29 Two
to three hundred visitors were present, among them Albert Einstein
(1875–1955). Shapley and Curtis discussed the dimensions of the universe. Curtis didn’t regarded the spiral nebulae as objects of our Milky
Way but as distant stellar systems comparable to our Galaxy. The
controversial topic was Shapley’s size of the Milky Way with 300 000
light years, which contradicted to Curtis’ idea with 30 000 light years.
The statements published by the Academy did not really represent the
original discussion:30
In a slightly different form the papers would go to the Proceed”
ings, . . . , even if the paper are too long, providing the material
is suitable in being not too popular (like mine?) or too tabular
or technical (like yours?).“ 31
What was the result of the great debate? During the debate there
only a weak consent between Shapley and Curtis:
There doesn’t exist absorbing matter.
The relative distances, determined by Shapley, are correct.
The stars in globular clusters and in distant parts of the Milky Way
are normal, i.e., comparable to those in the surroundings of the Sun.
Who was the winner or who was right or wrong? What kind of additional information and measurement could be added for the correctness
of both positions? Did the debate cease after this open discussion or did
it further go on?
The spiral nebula hypothesis was supported by several facts: the
distribution preferred at the galactic poles, the spectra similar to the
sun, and the possibility to resolve single stars (novae) in the nebulae.
Concerning the distance of the nebulae there existed contradictory
hints: On the one hand the very high radial velocities announced large
was
1.
2.
3.

28

Shapley 1969, here pp. 75–76.
Shapley 1921. Curtis 1921.
30
Hoskin 1976a.
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distances, i.e., the extragalactic nature of the nebulae. Slipher, working
at Lowell observatory in Flagstaff/Arizona since 1901, measured radial
velocities: In 1912, he got 300 km/s for the Andromeda nebula.32 Then
one year later, Slipher discovered the first nebulae with high radial
velocities (e.g. +1000 km/s for M 104). The velocities were so high that
it seemed impossible that these nebulae belong to our galactic system.
On the other hand, the measurements of Kapteyn’s scholar
Adriaan van Maanen (1884–1945) were a strong argument against
Curtis. Van Maanen had measured motions in spiral arms of galaxies
on photographic plates with a stereo comparator at Mt. Wilson. He
found an astonishing large rotation of 0,0200 per year.33 If the size of
the galaxies would be comparable to the Kapteyn-universe then galaxies
would rotate extremely fast — with nearly the (speed) velocity of light.
Opposite, taking typical velocities of 300 km/s, van Maanen got a low
distance of about 10 000 light years which gave a hint for belonging to
our galaxy. In addition in this case, the diameters of the galaxies would
be very small.34 For that reason the measurements could be interpreted
best in supposing that spiral nebulae are small, not far away objects
in our Milky Way. But already spectrographic determinations of the
rotation indicated a reverse direction of rotation of the spiral nebulae
what was recognized only later.35
Curtis, presenting his lecture as a good speaker, had perceived the
extragalactic character of the spiral nebulae with distances of ten millions
light years.36
Nevertheless he couldn’t prove that assumption. It was doubted
that the novae belong to the spiral nebulae. In addition the whole
method for estimating the distance was called in question. The better
accepted Cepheid method couldn’t be used, because not earlier than
1924 one succeeded, to identify delta-Cephei-stars in spirals.
Curtis doubted the huge dimension of the Milky Way according to
Shapley. In spite of pushing forward to the depth of the universe, he
defended the classical model of Kapteyn and suggested a diameter of
32

Slipher 1914.
Maanen 1916.
34
Source of the non correct measurements of van Maanen: Hetherington 1974.
Berendzen/Hart 1973.
35
Hubble 1943.
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only 30 000 light years (a factor of ten smaller than Shapley!) and a
thickness of 5000 light years.
Shapley regarded himself as winner of the debate. As a sign, his
nomination as director of the Harvard observatory in 1921 could be
valued.
I was right and Curtis was wrong on the main point — the
”
scale, the size. It is a big universe, and he viewed it as a small
one. From the beginning Curtis picked on another matter: are
the spiral galaxies inside our system or outside? He said that
they are outside systems. I said, ’I don’t know what they are,
but according to certain evidences they are not outside.’ But
that was not the assigned subject. Curtis having set up this
straw man, won on that. I was wrong because I was banking
on Van Maanen’s measures of large proper motions in spirals.
. . . I faithfully went along with my friend Van Maanen and he
was wrong on the proper motions of galaxies — that is. . . . So
it was a double win and a double loss.“ 37
Shapley had the right idea to define the center of our Galaxy by
means of the globular clusters. Here he was the first to prove that the
center doesn’t coincide with the place of the Sun. But Shapley preferred
still a long time after the debate his ideas and regarded the spiral nebulae
as parts of a huge Milky Way system or at least very near to this: One
”
big continent“ and countless islands“. Even in 1930, Shapley kept this
”
conception that our Milky Way is large compared with other galaxies.
So he thought that the gigantic large galaxies like the Andromeda nebula
would have only one fifth of the size of our Galaxy.38
Edwin Powell Hubble (1889–1953), since 1919 at Mt. Wilson,
wanted to solve these contradictions of the great debate.39
Extremely little is known of the nature of nebulae; . . . The
”
agreement [between the velocity of escape from a spiral nebula
and that from our galaxy] is such as to lend some color to the
hypothesis that the spirals are stellar systems at distances to be
measured often in millions of light years.“ 40
37

Shapley 1969, here pp. 79–80.
Shapley 1930, here p. 179.
39
Hoskin 1971.
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First of all in 1919, Hubble could resolve into stars some spiral
nebulae, especially the Andromeda nebula, and identify novae. But
at the end of 1923 the first variable (star) in a spiral nebulae was
discovered. With his 2.5-m-Hooker-telescope at Mt. Wilson, California,
since 1917 largest telescope in the world, Hubble found a delta-Cephei
-star (apparent magnitude) in the Andromeda nebula, which he regarded
in the beginning as a nova. By means of this Cepheid Hubble got a
distance of M 31 of 827 000 light years.41 But in spite of this spectacular
result Hubble hesitated with the publishing, because the discrepancies
with van Maanen’s measurement.42 For Shapley’s period-luminosity
-relation was the assumption of the determination of the distance. Hubble stressed that all distances had to rely on that zero point: But in any
way, it was clear from his result that the Andromeda nebula must be
far outside of our Milky Way — even if Shapley’s large dimension of the
Milky Way system are taken.43
Dr. Hubble . . . had derived distances approaching one million
”
light years for each, thus bringing confirmation to the so-called
island universe theory.“ 44
So in 1924, it was clear that the Andromeda nebula and the Triangulum nebula are own systems comparable to our Milky Way. With his
results concerning the distances in spiral nebulae, Hubble had confirmed
on one hand Curtis’ position of island universes but on the other hand
also the method of Shapley to use Cepheids as distance indicators. The
great debate had come to an end though the size of the Milky Way
differed very much.
When Hubble’s paper had been read, the entire Society knew
”
that the debate had come to an end, that the island-universe
concept of the distribution of matter in space had been proved,
and that an era of enlightenment in cosmology had begun.“ 45
41

Hubble 1925a. Till 1929 already 40 Cepheids and 86 novae in extragalactic
systems. Hubble determined the distances of 25 galaxies.
42
Hubble 1935.
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But not all regarded the debate as finished. Many questions must
be discussed. Some astronomers were still distrusting: Perhaps these
variables, however, belong to our galaxy? How reliable was the period
-luminosity-relation of the Cepheids which were gauged with the complicated method of statistical parallaxes? How could van Maanen’s
measurements of rotation be interpreted? Why wasn’t it possible — in
spite of Hubble’s new results — to combine the dimensions of Kapteyn’s
universe with Shapley’s model ?
Hubble’s and Shapley’s measurement of distance were based on
three assumptions which should be proved critically:
1. The variables belong to the spiral nebulae and are no stars of the
foreground of the Milky Way.
2. There doesn’t exist any interstellar absorption which falsifies the
results.
3. All Cepheids (of short and long period) in the universe are based
on the same period-luminosity-relation.46
Point 2 and 3 of these assumptions were later regarded as wrong.
The main problem was that astronomers had not taken into consideration that a remarkable interstellar absorption is existing. The final
prove of the long suspected interstellar absorption was brought in 1930
by the Swiss astronomer Robert J. Trümpler (1886–1956), working
at the Lick observatory.47 He investigated open clusters with the 91cm-Crossley-telescope determining the distance in two different ways:
first using the diameter, second using the method of spectroscopic
”
parallax“. Then he recognized an apparent increasing of the diameter
with the distance. This could be explained in two ways: either there is
a real changing in diameter of the open clusters with increasing distance
or there exists light absorption in our stellar system. The absorption
coefficient, i.e., the amount of decreasing light was 0.2m per 1000 light
years. This result was supported by the measurement of the interstellar reddening, i.e., the selective absorption (0.1m per 1000 light years).
But Shapley’s investigations of the colour indices of globular clusters
showed relative uniform values — independent from the distance. So he

46

Fernie 1969.

47

Trümpler 1930.
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concluded that the amount of selective absorption was only 0.003m per
1000 light years — less than Kapteyn supposed. With stellar statistics
it was even tried to reduce the scale of Shapley’s big galaxy by proving
of an absorption in our Milky Way and so diminishing the difference to
the Kapteyn-universe.
If the light of the stars is absorbed by dark matter, then the apparent
brightness is measured as too small and the distance is over-estimated.
So Shapley got too large dimensions of the Milky Way. Thus it was
necessary to revise the distances. The diameter of Shapley’s Milky Way
model had to be reduced by a factor of three (respectively the Kapteynuniverse, which was also used by Curtis, had to be enlarged by a factor
of three).
A final point of discrepancy could only be solved in the 1950ies:
Shapley could not yet know that there exist W Virginis-stars besides the
classical Cepheids with a different period-luminosity-relation. This fact
was recognized by the Hamburg astrophysicist Walter Baade (1893
–1960), when he worked at Mt. Wilson in 1944. He found differences
between stars in spiral arms (classical Cepheids, population I) and stars
in globular clusters (W Virginis-stars, population II Cepheids).
This discrepancy was the beginning of the trouble — it seemed
”
likely that either the Cepheids were brighter, or the novae and
globular clusters were fainter than we supposed when we used
Shapley’s calibration for the Cepheids. . . . We now know that it
is the classical Cepheids that must be changed most — probably
somewhere between 1.0 and 1.5 magnitudes.“ 48
Cepheids in globular clusters (population II) are 1.5m weaker than
the classical Cepheids (population I). Thus all distances, determined with
population I Cepheids, had to be enlarged by a factor of two. So in 1952
Baade revised the distance scale.49 By determining the new distance
of galaxies, the Andromeda nebula was pushed into a distance of two
millions light years instead of 800 000 light years.
So the updated value of the diameter of our Galaxy is 100 000 light
years; the distances of the galaxies are millions to billions light years.
Finally after 30 years all discrepancies of the great debate were solved.
48
Hubble, E.: Letter to G. W. Gray from 12. 3. 1953. SAD M, SHMA, FR 413
Hubble.
49

Struve 1953.
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Non-Friedmannian models
Abstract
Vladimír VanÀsek
The models of an inhomogeneous Universe are matter of discussion
in many studies. A review of this topics with almost one thousand
references was published recently by Andrej Krasinski. In principle an
inhomogeneous cosmological exact solution of the Einstein equations
can describe several features of the observed Universe as for instance
presence of voids and high-density fluctuation in the distribution of
mass or fluctuation of the microwave background. In this paper is
shortly discussed recently announced finding that the direction of the
motion of Local Group with respect to the Abell clusters being at
distances ≈ 50 h−1 Mpc are not compatible with the maximum of dipole
anisotropy of cosmic microwave background radiation. This finding has
been newly but not definitely refuted. However, if it is correct, then may
be explained either in the frame of standard Friedmannian cosmological
model by assumption of a hypothetical bulk stream of these clusters
caused by a huge unknown mass concentration being at a larger than
100 h−1 Mpc distance or by the global inhomogeneity of the temperature
of microwave background across the whole Hubble radius. The second
explanation requires a non-Friedmannian model of Universe, which is in
principle allowed, e.g., in inflationary sceneries. Whereas the analysis
of the dipole anisotropy alone does not provide any suitable test to discriminate among these two options, it is shown that the data concerning
the quadrupole anisotropy may be used as a test of non-Friedmannian
model. Predictions of the expected values of the quadrupole components,
of sizes ≈ (1 − 15) mK not existing in the standard Friedmannian case,
are presented. Although, the COBE data are still ambiguous to do any
detailed comparison of the theoretical predictions with observation, here
discussed non-kinematic quadrupole components, may be in principle
verified by contemporary observational technique.
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Particles Generation and Bose Instability
in Primordial Rotating Black Holes
Alexei B. Gaina
Abstract. Bose instability in rotating (Kerr) black holes (BH’s) consists
in exponential increase in time of small perturbations of Bose mass fields,
corresponding to superradiative, quasi bound levels. The minimal time
of dumping of the angular momentum on the 2P envelope is much less
than the time of dumping of the angular momentum by superradiation for
M2

primordial BH’s when the mass of the particles m ¿ MP l . Very fast dumpmM
ing of the angular momentum occurs when 0.46 ≥ M
≥ 0.203 (for π 0 ),
2
Pl

0.353(η), 0.065(D0 ). Electrically charged particles cannot develop Bose
instability due to the ionization of bound levels by electromagnetic radiation emitted by the BH itself.
The neutral particles produces γ-bursts of energies 67.5, 274.5,
932 MeV correspondingly. The duration of bursts is 1.26 · 10−17 s(π 0 ),
2.99·10−18 (η), 8.55·10−19 s (D0 ). The radiated energies are 1.20·1035 erg,
8.67 · 1034 erg, 8.55 · 1033 erg, corresponding to powers of the order of magnitude 1052 erg
. Other consequences for BH’s evaporation are discussed.
s

1. Introduction
Bose instability of rotating Black Holes (Kerr BH’s) is related with an
exponential increase in time of small perturbations of a test mass field,
corresponding to superradiative quasibound states with energies:
(1)

E ≤ min{µc2 , h̄mΩH }

where µ and E are respectively the rest mass and energy of the particles,
m is the projection of the momentum on the BH’s axis, M and J = M ac
are mass and angular momentum of the BH and the angular velocity of
the BH is written as
(2)
where

ΩH =

ac3
,
2GM r+
1

r+ = GM/c2 + (G2 M 2 /c4 − a2 ) 2 .
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On the level of a second quantized quantum field theory (in brief QFT)
this corresponds to the occurrence of spontaneous and induced particles
creation processes on quasi bound superradiative levels. Only spontaneous generation of fermions may occur due to Dirac exclusion principle,
but bosons may accumulate on such levels by induction (or stimulation).
On the level of Klein-Gordon, Dirac and other similar QF equations this
corresponds to the fact that s = 12 , 32 ,. . . mass equations support only
dumping [1] while the s = 0, 1, 2, . . . mass equation may change the sign
of the imaginary part of the energy [2]:
(0)

(3)

E = Enlm − iγnlm ,





γ ≡ ImE =

E (0) ≡ ReE < µc2 ,
1 3
, ,...;
2 2
> h̄mΩH ;

> 0, for s =

> 0, for s = 0, 1, . . . and E (0)




≤ 0, for s = 0, 1, . . . and E (0) ≤ h̄mΩH .

In other words, bosons supports self-stimulated generation (and by
consequence-accumulation) on quasi-bound superradiative states (1) in
which the wave function increase as Φ ∼ eλt , where λ = −γ, for E 0
≤ h̄mΩH and the number of particles and the energy density increase
as:
Z
√
1
(4)
N = i {Φ∗ (∂ 0 Φ) − Φ(∂ 0 Φ)∗ } −gd3 x ∼ e2λt C,
2
Z
(5)

E=

√
ν
k(t)
T·ν0 −gd3 x =

Z

√
T·00 −gd3 x ∼ e2λt ,

ν
where k(t)
= δtν is time like Killing vector of the Kerr metrics. One can
show by an alternative way that the probability of the transition of a
system (BH + bosons) from an initial state |N−
→ , 0 > with N−
→ bosons
k
k
−
→
with quantum number k and 0 antibosons into a final state |N−
→ +1, 1 >
k
with N−
→ + 1 bosons and 1 antiboson will be proportional to the square
k
of the matrix element
¯
¯
¯< 0, nk |T·00 |nk + 1, 1 >¯2 = |c|2 (Nk + 1).
(6)
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When N−
→ = 0, this is just the probability of a spontaneous generation
k
of a pair boson-antiboson from which one particle localize on quasibound
state while another localize inside the BH. Otherwise (6) gives the
probability of self-stimulated generation of pairs.
So, one can take into consideration the following equations for the
number of particles on the superradiative levels, mass, angular momentum variations of a BH [3]:
(7)
(8)
(9)

dNnlm
= λnlm (Nnlm + 1),
dt
2
X
d(M c )
(0)
=−
λnlm Enlm (Nnlm + 1),
dt
nlm
X
dJ
=−
λnlm h̄m(Nnlm + 1).
dt
nlm

Equation (7) gives the number of particles on the quasilevel with quantum numbers n ≡ 1 + l + nr , l, m (nr = 0, 1, 2, . . . ; l = 0, 1, 2, . . .)
for scalar bosons. Generally, equations (7)–(9) are nonlinear, admitting
solutions only in very special cases.
2. Bose Instability in Kerr BH’s
Let us limit here with examination only of scalar bosons, as the solutions
for vector bosons and other boson mass fields are still unknown in Kerr
backgrounds.
As it was shown [3] only the case
(10)

µM ¹ MP2 l ≡

h̄c
G

is of interest, if one excludes the one of very large µ → MP l . The probabilities for particles generation were calculated in [1] (see also [4, 5]). The
main contribution to the change of mass and angular momentum of the
BH gives rise from the generation and accumulation of particles on the
2P level. The dynamic equations for the number of particles and angular
momentum are (we use below the system of units c = h̄ = G = 1):
(11)

dNnp
= λnp (Nnp + 1) ;
dt
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dJ
dN2p
'−
dt
dt

(12)

while the mass change is negligible.
By
P using the law of conservation of total angular momentum J =
J0 − Nnp in the system BH+bosons we obtain the law of variation
n

of the number of particles and angular momentum of the BH in explicit
form:
£
¤
0
9
6
0 1 − exp − (J0 + 1) µ M t/48
(13)
Nnp = J0
1 + J00 exp [− (J00 + 1) µ9 M 6 t/48]
(14)

J = J0 − N2p

where
Jo0 = J0 − Jst ,

(15)

Jst being the BH angular momentum at which superradiance at the given
level stops. The exact value of Jst is :
(16)

Jst =

m2

4E (0) M 3 m
,
+ 4(E (0) )2 M 2

while for the case µM ¿ 1 one obtains:
Jst ' 4µM 3 ¿ M 2 .

(17)

Note, that the time of dumping of the angular momentum of the
BH into the levels is
µ
(18)

τJ ≈ 48tP l

MP l
µ

¶3 µ

MP2 l
µM

¶6

ln (J0 − Jst + 1)
;
(J0 − Jst )

which approximately equals
µ
(19)

τJ ≈ 96tP l

MP l
µ

¶µ

MP2 l
µM

¶8
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when µM ¿ MP2 l . The mass of the envelope of bosons on 2P state is
4M = M0 − Mst ≈ µN2p ≈ µJ00 ≈ µ(J0 − Jst ) ≈ µM a0 . It will be much
less than the mass of the BH itself if µM ¿ MP2 l .
The discussion of other details of the dumping of the angular momentum of the BH, caused by Bose instability is given in [3].
The time of lost of the angular momentum of a rotating black hole
by superrradiation (see [6]) is
µ
(20)

ξ

τsuperrad ∼ 8πe

M
MP l

¶3
tP l ,

where ξ is of order unity. Then, the ratio
µ
¶2 µ
¶9
τsuperrad
π ξ
M
Mµ
M
(21)
=
e
ln −1
2
τJ
12
MP l
MP l
MP l
may be much greater than unity if M À MP l . We do not now consider
the cases µ ¹ MP l , M º MP l and µM ∼ MP2 l . For the latest one we can
give some estimations based on analytical approaches developed in [1-3]
and [7], while an exact treatment should be given numerically.
The probability of pair production for the case µM À MP2 l was
calculated by Zouros and Eardley [7] for scalar bosons and improved by
Gaina [3]. Tunneling probability near the threshold of pair production
for E ¹ µ, a → M (but a =
/ M ), and l − m ≈ |m − m0 | ¿ m0 = µ/ΩH
has the form [3]
(22)

(
Ã v
!)
u
√
sign(m−m
)
m−m
0
0
u
λm (a) = 10−7
exp −2πµM 2t1 −
.
− 2
M
m q a2
0

1− M 2

Here we omit the weaker dependence on the orbital quantum number and the particle energy. As m → m0 the exponent in equation (5)
changes into the result in [7] to within a factor of two in the exponent.
The corresponding time of relaxation (dumping) of angular momentum
for an extremely rapidly rotating black hole with unfilled levels is less
than the age of the universe for BHs with masses µM ¹ (23 ÷ 26)MP2 l .
The characteristic range of variation of the specific angular momentum
of the BH is 0.6¹ a/M < 1.
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One should emphasize that
p thermal effects will be small if the
temperature of BH: kTBH = 1 − a2 /M 2 /4πrt ¿ E (0) ≈ µc2 . From
this it is easy to obtain the criterion for macroscopic tunneling:
q
2
(23)
1 − (ac2 /GM ) ¿ 4πµM/MP2 l .
¡
¢
easily for rapidly rotating ac2 → GM or macroscopic
¢
¡It can be satisfied
µM > MP2 l back holes.
3. The Energetic Spectrum of Quasi Bound Levels
There are very different energy spectra in the long wave length
(µM ¿ MP2 l , or r+ ¿ λ0c ) and short wave length (µM À MP2 l , or
r+ À λ0c ) limits. In the first case we have a full hydrogenlike spectrum
for a = 0
En0
µ2 M 2
(24)
=1−
.
µ
2n2
S quasibound levels appear for µM ¹ 0.25MP2 l , P quasibound levels
appear for µM ¹ 0, 46MP2 l (see7) ), D quasibound levels appear
for µM ¹
√
0, 74MP2 l and so on, nl quasilevel appear for µM ¹ 63 MP2 l if l À 1
(quasiclassical limit). It is still unknown such a criterion for the Kerr
metrics. The extremely rotating Kerr BH were examined in 8) . It was
shown that the marginally stable corotating orbit is dumped for KleinGordon particles. However, it is known 9) that the spectrum (24) is a
good approximation also for Kerr metric if
1
µM ¿ l + .
2
So, one can expect that the criterion for the existence of 2P and 3D
quasibound levels is roughly the same as for Schwarzschild BH’s.
(25)

4. Elementary Particles and the Masses Ranges
for Bose Instability
Assuming µM ≈ 0.45 one derives from equation (18) the minimal
dumping time of the angular momentum for an extremely rotating BH:
¶
µ
M
4 −1
.
(26)
τJ(min) = 5.7 · 10 µ ln
MP l
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By taking account the time life of the most of mesons τL < 10−8 one
obtains that boson instability cannot develop for BH’s with masses M >
5MP2 l /µπ = 3.8 · 1016 g. If we assume, however, that boson instability
occurs for neutrino pairs (assuming the neutrino to have mass) with
a characteristic time determined by equation (26), we obtain an upper
limit on the mass of a BH subjected to boson instability: M < 2.4·1023 g.
For known bosons the masses ranges for black holes subjected to Bose
instability are given in table 1.
Table 1.

Masses Ranges for the Nown Bosons

Particle

Life time
τL (s)

Low limit
mass (g)

Upper limit
mass (g)

Mass of the particles
(Mev)

π±

2.6 · 10−8

5.8 · 1013

8.5 · 1014

140

7.0 ·

1014

8.85 · 1014

135

3.0 ·

1014

1014

549

2.1 · 1013

2.4 · 1014

498

1013

1013

1864

1.5 · 1013

6.4 · 1013

1869

1012

1013

π0
η
K0, K
D0
D±

0

0.8 ·

10−16

2.4 ·

10−19

10−9
5·

10−13

10−12

F±

2·

W±

3 · 10−25

Z0

10−13

dtto

1.6 ·
9.4 ·

2.18 ·
6.42 ·
5.9 ·

2020

4.8 · 1012

1.2 · 1012

83 · 103

4.2 · 1012

1.08 · 1012

93 · 103

It is easy to see from that Table that bosonic instability cannot
develop for η-meson, W ± and Z 0 due to very short lifetime. On the
other hand one should give a rigorous treatment of η decay near the
horizon of the Black Hole which could increase the time life and warrant
subsequently our expectations for accumulation of η mesons. One need
take account that estimations for upper limit mass of the BH subjected
to vector instability were made on the basis of scalar equation and the
actual value of the τJ may be less for W ± and Z 0 .
5. Stopping the Instability for Electrically Charged Particles.
Annihilation, Electromagnetic Transitions
and Photoionization
Of course, we do not taken account for the annihilation of π ± , K ± , D±
and F ± during their generation and accumulation near the Black Hole.
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Particles of opposite charges may annihilate rapidly during their generation. It is necessary to consider of the influence of a strong gravitational
field near the horizon of a black hole on the annihilation.
Let us assume that electrically charged particles and their antiparticles could accumulate on quasilevels, for instance, on 2P quasibound level in the field of a highly rotating BH (a → M ) of
mass M ¹ 0.45MP2 l /µ , i.e. near the upper limit of Bose instability. In this case one have 3 processes which can stop the instability: i) electromagnetic transitions 2p → 1s, or other transitions on
nonsuperradiative levels; ii) annihilation of particles into two fotons
(π + + π − → 2γ, K + + K − → 2γ, and so ones); iii) photoionization of
bound levels by the electromagnetic radiation emitted by the BH itself.
The equation which govern the number of particles on 2P level is:
(27)

dN2p
2
= λ2p (N2p + 1) − W2p→1s N2p − Wann N2p − Wion N2p
.
dt

It is not difficult to calculate the probability for normal dipole
transitions 2p → 1s in the field of such a Black Hole assuming, that
a full hydrogenlike spectrum for bound states is realized. Note, that
there are also anomalous transitions with 4m = 0 which may have the
same order of magnitude in the field of an extremely rotating BH[10]
but we shall not examine here such transitions. The probability W2p→1s
will be:
µ ¶8
2
(28)
W2p→1s =
αµ(µM )4 .
3
Transitions (28) impose further restraints on the masses of BH’s
supposed to Bose instability:
r
210 α MP2 l
M2
4
(29)
M≥
= 0.24 P l ,
7
3
µ
µ
that is the actual low limit mass for instability will be greater for π ± ,
D± , F ± , K ± .
The total annihilation cross section for particles of opposite charges
on the quasilevels may be also estimated in the nonrelativistic limit:
σann =

α2
πα2
≈
.
2µ2
2µE (0)
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Akhiezer and Berestetsky [11] gives an exact formula for the ionization cross section of 2P atomic levels. In the case of N2P electrons one
has:
µ
¶5 µ
¶ −4η arccotg η
2
210 π 2 α I2p
I2p
e
(30)
σ2p = N2p
3+8
.
9µI2p
h̄ω
h̄ω 1 − exp(−2πη)
In the limit h̄ω À I2p one have approximately:
σ2p '

28 απ
3µI2p

µ

I2p
ω

¶9/2
N2p .

Adapting this formula for a BH [13] we
¡ obtain the cross
¢ section of
photoionization of one particle on 2P level Zα → µM/MP2 l :
(31)

σ2p =

πα(λ0c )2 ³ µ ´9/2
7
√
(µM ) N2p .
ω
12 2

An important feature of the cross section (31) is the dependence of
the rate of ionization on the number of particles on the level.
Let us calculate no the ionization probability of one electrically
charged 2P scalar particle to be ionized by electromagnetic radiation
emitted by the BH itself as a result of superradiance. The probability
will be:
Z
1
dnp
(ion)
(32)
W2p =
σ2p dw
S
dtdw
where
(33)

dnp
1
Γ1ω1mp
4 8πM r+ 2
=
< n >=
=
M (ω − ΩH ) ω 3
dtdw
2π
2π
9 2π 2

is the number of p-photons emitted by the BH [13] . In the limit a → M
one have:
(34)

8M 3 ω 3
dnp
=
.
dtdw
9π

After the integration of (32) with S = a20 =
(35)

(ion)

W2p

=

1
µ4 M 2

one have:

8α
11
µ (µM ) .
81π
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For N2p particles localized on 2P level this formula must be multiplied
by N2p. Thus, photoionization is slow compared with dipole transitions
for small occupation numbers, but may suppress the last ones for great
N2p . It is easy to estimate the number of particles on the 2P level after
the photoionization ignoring dipole transitions and pairs annihilation.
The equation (29) will have the form:
(36)

dN2p
(ion) 2
= λ2p (N2p + 1) − W2p N2p
.
dt

Assuming N2p À 1 one obtains for the equilibrium number of particles:
(37)

N2p =

λ2p
(ion)
W2p

=

81π
−3
(µM ) ,
96α

that is for a BH with incipient instability (µM ≈ 0, 45) one derives
N2p = 3985.
So, photoionization stops efficiently Bose instability for electrically
charged mesons π ± , K ± , D± , F ± .
6. Conclusions
Table 1 shows that bosonic instability cannot develop for η-meson,
W ± and Z 0 due to very short decay lifetime. In spite of this more
rigorous treatment of η decay taking account of exact wave functions
of the particles near the horizon of the black hole increase the lifetime
of η meson, and subsequently our expectations for accumulation of this
particles on bound states and subsequent desintegration, which is in fact
a Bose instability. Note also, that estimations for the upper limit mass
of the BH subjected to vector instability were made on the basis of
scalar equation and the actual value of the τJ calculated on the basis of
Proca equation may be less for W ± and Z 0 . So, we could expect bosonic
instability to occur at least for η and Z 0 -mesons [14].
Self stimulated generation and accumulation of bosons in the field
of highly rotating black holes (Bose instability) is an efficient mechanism
of dropping the angular momentum for primordial Black Holes. Electrically charged particles cannot accumulate near the Black Hole due
to electromagnetic transitions, annihilation and photoionization. But
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π 0 , η, D0 could rapidly accumulate near black holes and produce as a
result of desintegration γ bursts of powers:
µ

dE
dt

¶
'
int

1 c5
288 G

µ

µM
MP2 l

¶10

1
,
ln MMP l

that is ' 9, 5 · 1051 erg/s (for π 0 ), 2.9·1052 erg/s (for η), 1052 erg/s (for
D0 ), if one assume BH to be near the threshold of instability (i.e. µM ≈
0.45MP2 l ). This corresponds to effective masses of radiated energies:
133M t (for D0 ). The energies of γ-photons radiated will be 67,5 M ev
for π 0 ), 274,5 M ev (for η), 932 M ev (for D0 ).
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The Use of Old Astronomical Observations
for Detecting Secular Astronomical Changes
in the Sun and the Heliosphere
Rudolf A. Gulyaev
Abstract. Old astronomical observations may be useful for recognition
of some features of physical state of the Sun and the heliosphere in
the past. Especially, observations of total solar eclipses and comets are
informative. With the data of solar eclipse observations, J.A.Eddy (1976)
drew a conclusion that the solar corona was absent during the Maunder
minimum epoch (1645 to 1715). Now a logical question is on the solar
wind existence at the said period, keeping in mind the common view on
the genetic relation between the solar wind and the solar corona. To find
out solar wind signs, data on comet observations are helpful, as comets are
known to be sensitive indicators of physical conditions in the interplanetary
space. During the Maunder minimum more than 20 comets have been
observed. Some results of suitable considerations are presented.

Old astronomical observations may be useful for recognition of physical conditions in the Sun and the interplanetary space in the past. We
are going to consider old observations of total solar eclipses and comets
so far as such observations may be especially valuable for our objective.
1.
In 1843 a German amateur Heinrich Schwabe noted that the mean
annual sunspot number seems to come and go in a cycle with a period of
about 10 years. Soon other observers, primarily Rudolf Wolf, confirmed
the existence of the cycle, refining it to about 11 years. From old
observatory records Wolf established that the cycle had been running
since at least 1700. More reliable data are available since 1749, so the
serial number 1 was attributed to the cycle of 1755 to 1766. Figure 1
shows the sunspot cycles Nos. 1 to 18 (from 1755 to 1955) according
to D. H. Menzel [1]. Just now the cycle No. 22 finished, and we are
undergoing at present a next sunspot minimum.
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Fig. 1

Sunspot cycles Nos. 1 to 18. Serial numbers of cycles are denoted in circles.

In late of the 19th century Gustav Spörer and then E. Walter
Maunder searched through old books and journals and found that for a
period of some 70 years, from about 1645 to 1715, sunspots and other
solar activity had practically vanished from the Sun. In 1894 Maunder
published a detailed paper on this matter [2]. However, his statement
did not excite any interest and was shortly forgotten.
In 1976 John A. Eddy anew discovered for solar physicists the deep
sunspot minimum of 1645 to 1715 and suggested to name this period as
the Maunder minimum [3]. Figure 2 indicates mean annual sunspot
number from 1610 to 1750 according to Eddy [4]. It is seen that
the Maunder minimum is traced very markedly. Eddy confirmed the
conclusions by Spörer and Maunder with new data such as records of
aurora observations and results of radiocarbon analysis of tree rings.
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Fig. 2

Mean annual sunspot numbers for the Maunder minimum epoch according to
Eddy [4].

2.
It is of special interest for us to consider Eddy’s examination of old
records of the solar corona. All observers of total solar eclipses know a
stunning picture of the silver-light corona with its long streamers (see,
for example, Figure 3). The corona of the Maunder minimum proved to
look entirely otherwise. Between 1645 and 1715 there occurred 63 total
solar eclipses. Eight of them were visible near European observatories
and they were observed rather well. Eddy states that all astronomers
who did look up during the totality yielded very consistent descriptions:
around the Moon was a pale ring of dull reddish light, of uniform small
breadth (only 1 to 3 arc minutes). Not one observer described the whitelight structured corona that is so familiar nowadays. The first description
as well as the first drawings of the extended streamered corona refer to
the solar eclipse of May 3, 1715, i.e. to the end of the Maunder minimum
epoch.
As a result, Eddy draws the following conclusion: during the Maunder minimum, the extended and structured solar corona was probably
entirely absent, and the dim reddish ring around the Moon referred to
the F-corona, i.e. to the zodiacal light. Moreover, the lack of any ancient
descriptions of coronal streamers set thinking that the true solar corona
was absent for a period much longer than the Maunder minimum. If so,
the corona observed nowadays might be a transient, modern feature of
the Sun [3, 4].
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We can make a more general assumption: the state of the Sun
without sunspots and the corona, as it was say during the Maunder
minimum, is the normal state similar to the ground state of atoms. The
energy of the solar atmosphere is minimum one in such a state. And
the current state of the Sun yielding 11-year sunspot cycles and a great
variety of active phenomena represents a kind of excited solar state.

Fig. 3

The solar corona of July 11, 1991 (courtesy of B.P.Filippov).

3.
Let us turn now to the solar wind: the plasma flowing permanently from
the Sun through the whole interplanetary space. The hot solar corona
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is believed to be a source of the solar wind. However, some opinions
concerning the possible non-coronal generation of the solar wind were
expressed recently [5]. So it would be logical to pose the following
question: Did the solar wind exit during that periods of our history

Fig. 4

The comet Halley before (Jan. 7, 1986) and after (Jan. 10, 1986) the tail
disconnection (courtesy of M. P. Fatyanov).
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when the solar corona was absent? Old records of comet observations
could probably shed a light on such a problem. The fact is that the
comets proved to be very sensitive indicators of physical conditions in
the interplanetary space. Note that even the solar wind discovery was
to a certain extent associated with the comet studies [6].
As the first step, we are going to consider the most spectacular
dynamic event in comets: disconnection of the plasma tail. For example,
two negative photographs of the comet Halley are given in Figure 4
(observer: M.P.Fatyanov). The upper picture (January 7, 1986) shows
the comet with the regular tail; the lower picture (January 10, 1986)
demonstrates that the comet tail was disconnected. According to the
current view (see, e.g., [7]), the disconnection of the comet plasma tail
occurs while comet traversing a sector boundary of the interplanetary
magnetic field, or, more properly, while it crossing the heliospheric
current sheet.
For better understanding the subject under consideration, let us
briefly describe the current pattern of the circumsolar space, or the
heliosphere. This space is divided on two parts involving opposite
directions of the interplanetary magnetic field: the field is directed off
the Sun in one part, and towards the Sun in other part of space. The
rather thin layer so called the heliospheric current sheet (HCS) serves
as the boundary surface (interface) in between the two parts of the
heliosphere. The HCS has a warped (corrugated) shape and features
the enhanced material density and reduced solar wind speed. In time of
the sunspot cycle minimum, the HCS is located close to the solar equator
plane. As the solar activity rise, the HCS inclination against the solar
equator is increasing to reach some 90◦ near the sunspot cycle maximum.
While crossing the HCS, a comet come to be in the magnetic field of the
opposite sign. The magnetohydrodynamic processes induced under such
conditions lead as a result to the comet plasma tail disconnection.
The heliospheric sheet as well as the interplanetary magnetic field
arises owing to the Sun’s magnetic field and the solar wind which
stretches out lines of force of the solar magnetic field far away in the
interplanetary space. In other words, the simultaneous presence of
two agents, namely the solar magnetic field and the solar wind is the
necessary condition (and, perhaps, the sufficient condition) of the HCS
existence. It follows that the observed disconnections of cometary tails,
due to crossing the HCS, testify to existence of the solar wind.
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4.
We have considered descriptions of some comets observed during the
Maunder minimum. According to Cometographie by A. Pingre [8], there
were more than 20 comets appeared between 1645 and 1715. Amongst
of them, large and bright comets of 1664, 1680, 1682, and 1689 were
occurred which were observed very intense. However, we did not find
descriptions of tail disconnections. From the general consideration, it is
clear that a comet should traverse the HCS in the perihelion region of
its orbit at least once. It is hardly possible that such an outstanding
event as comet tail disconnection was missed by bright comet observers.
Nevertheless, old records of such phenomena are not found. Note that
M. B. Niedner [9] have compiled a catalogue of photographic observations of tail disconnections including 72 events for 85 years. The first
case in his catalogue refers to 1892.
It is clear from above that a fact of the comet tail disconnection is the
sufficient but not the necessary condition of the solar wind existence. So
the existence of the solar wind during the Maunder minimum remains
to be seen. It is most probably that during the Maunder minimum
epoch there was not sufficiently strong magnetic field on the Sun so
the heliospheric current sheet could not be present in the interplanetary
space. The lack of the solar magnetic field at that time seems to be
quite natural in view of absence of sunspots and other solar activity
manifestations. To solve the problem of the solar wind existence, a
variety of possible manifestations of interaction between the solar wind
and comets should be analysed. Such an analysis has to be undertaken
in due course.
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New explosive cosmology of minor bodies
in the solar system
Abstract
E. M. Drobyshevski
Numerous problems on origin, evolution, properties and appearance
of minor bodies (asteroids, comets, planetary rings and small satellites,
etc) can be solved in a framework of their New Explosive Cosmogony
[1, 2]. It is based on a sole assumption of building up the great quantities
of the volumetric electrolysis products in massive (≈ 50 % by total mass)
dirty-ice envelopes of Ganymede-type bodies. The possibility of the
solid-state electrolysis in ice was proved experimentally [3]. The current
is generated in bodies moving through magnetized plasmas of the Solar
wind or planetary magnetospheres. The electrolysis products 2H2 +O2
are accumulated in ice as a solid-state solution. At concentration of
15–20 wt. % such a solution is capable of detonation [4] which can be
initiated by a heavy meteoroid impact.
An exploding body of M < 0.5 Moon sheds up its envelope completely, which together with subsequent collisional evolution apparently
formed the main asteroidal belt ≈ 3.9 Byr ago. Features of a noncentral
explosion may account for the distribution of the S, M, and C type
objects in solar distance [5].
The explosion of a body with M > 1 Moon removes only a part of
its material in the form of vapors of water and organics present in ices,
mineral grains and large ice fragments of the outermost layers which
also contain 2H2 +O2 . These are cometary nuclei, their material also
being capable of detonation or combustion under certain conditions. The
combustion initiated by solar radiation and/or electric currents in ice saturated by 2H2 +O2 can account for the P/Halley near-nuclear energetics
and chemistry [6], distant cometary activity, and P/Shoemaker-Levy 9
splitting into 20+ fragments. This approach is capable of explaining
properties of Martian satellites and making predictions concerning their
structure [7]. The explosions of the Galilean satellites’ ices and of their
fragments can account for many of their properties [8], as well as for the
origin and properties of the irregular satellites and Trojans [9].
As follows from the peculiar orbital distribution of LP comets of
Saturn’s family, a sizable fraction of them appeared < 104 yrs ago
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escaping from deep in Saturn’s sphere of action. This allows the dating
of the Titan’s ice explosion which created its atmosphere and Saturn’s
rings, as well as the reservoir of cometary nuclei between Jupiter and
Saturn which presently replenishes the Jovian family [10]. Some of the
predictions made on this basis have already been confirmed, the others
awaiting confirmation.
[1] E. M. Drobyshevski, Moon & Planets 23, 339, 1980.
[2] E. M. Drobyshevski, V. A. Chesnakov, V. V. Sinitsyn, Adv. Space, Res. bf16,
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Kepler in Curricula of the Agrarian Engineering
School of Barcelona
Jaume Fabregat Fillet
1. Preface
Is it possible to establish some relationships between Mysterium Cosmographicum, Kepler, Astronomy, Engineering, Mathematics, Agrarian
and Food Industries, Teaching and Learning? At first, it can appear as
something that is not easy to do. I will try to do it, but it is appropriate
to explain something beforehand.
Teaching mathematics for non-mathematicians, i.e. in engineering
schools (and in several branches like agronomy), forces the teacher to
have some thoughts in order to do a task correctly. A promising method
is to design the course not so much to present certain subject matter
such as a single block of concepts but more to use this subject in a
way which has sundry effects on developing students abilities: to reason
quantitatively, to discern significant trends in many data, to formulate
an appropriate approach to a problem . . . This talent is quite essential
for the bulk of the students.
What interests us in that type of course? It is to retrieve the meaning of contact with general reality and its nuances and technicalities,
and not only with the encyclopedia“.
”
A proper explanation of science, and the sooner this is provided
the better, is very important for the future perception of technology.
One of the possible changes in teaching is the change established on the
hypothesis of knowledge based on a clear scientific working method, on
clarification of technical results and, of course, on a pedagogical method
of education.
The design of such teaching techniques is a process of closely interconnected research and development in order to learn better.
In the view of teachers, we understand what the fundamental ideas
in our field are. We try and make decisions about their coverage and
order in our courses, luring our students to us.
Within recent years, research into the conceptual understanding of
scientific themes has been carried out and goes on. Research in science
education shows that tradition“ in schools’ current curricula, based on
”
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transmission, has led to memorizing, to bad practices and to insufficient
applicable knowledge.
There is an emergent consensus which describes the learner as a
scientist practising, in a simplified, accelerated manner. From this point
of view, learning can only takes place during open learning situations,
where one is led to a guided reinvention. In this framework, teacher
provides problems and questions.
Many factors contribute to the learning process: knowledge previously found, self-experience, element of surprise, interest in what great
experienced men said or did.

2. Suggestions for the students based on sentences contained
in Mysterium Cosmographicum“
”
Teachers in mathematics must face the particular problem that some
students do not like mathematics and/or think mathematics is not very
interesting in their degree.
In the first Dedication of the Mysterium cosmographicum it is possible to obtain from Kepler some sentences which can stimulate students
to think about mathematics:
My mathematics can offer pleasures not unworthy of Christian men and
”
the solaces of their sorrows“
We maintain the painters who delight our eyes and the musicians who
”
please our ears, in spite of the fact that this brings us no profit, and
we consider not only human, but honest too, the pleasure which results
from both activities. Consequently how inhuman or stupid it is to deny
our mind its own pleasure and not to deny it to our eyes and ears“
Just as the other animals and the human body sustain themselves with
”
food and drink, equally the human spirit, certainly different to the man,
feeds, grows and in some way develops with the food of knowledge, and
it seems more dead than alive if this kind of desire is not met“
Many people praise the gander more than the pheasant, because the
”
first are common and the second are rare. But no palace of Apicio put
the rare behind the common“
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3. Work suggested to the students based on Kepler
Last March 1996 the production of an optional brief piece of written
work (four sheets) was suggested, with the title Kepler, mathematics
and agriculture. Certainly, the reactions to the approach proposed here
were at the very least positive. This task was done individually by
40 students of mathematics in the first year of engineering in agrarian
and food industries in the Agrarian Universitary Technical School of
Barcelona (45 % approximately of the students).
In the summary of several general contents of the works appear:
• an introduction, of a historical nature, with a short biography (1567
–1630, imperial mathematician, great astronomer, enthusiast of the
Copernican system, planetary position tables’ elaborator, . . . )
• the introduction of Kepler’s laws concerning planetary motion (elliptical planetary orbits with the Sun as one focus, constant speed of sweep
of areas, periods related to axis length)
• establishment of special bonds with Newton’s laws and links between Kepler and other astronomers“ (Aristarcus, Ptolemy, Copernicus,
”
Tycho-Brahe, Titius)
In the summary of several contents connecting Kepler and agriculture appear:
• some links basically by means of the Sun, with comments on solar
radiation
• several relationships by means of climatology and meteorology
• the town where he stayed during his infancy, situated in a rural area
in a wine-growing zone.
In the summary of several connections between Kepler and mathematics appear:
• the introduction of the Napier logarithms to his country
• the study of conics
• the computation of areas and volumes by an infinitesimal“ method
”
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• the determination of the sizes which produce maximum volume of some
bodies with the minimum material -surfaceThe list of Kepler’s books mentioned in the works includes (in
brackets the number of times):
Mysterium cosmographicum (6)
Tabulae Rudolphinae (6)
Astronomia Nova (5)
Harmonices Mundi (5)
Nova Stereometria (4)
Paralopimena (3)
Admonitio ad Astronomos (2)
Dioptrice (2)
Ad Vitellionem (1)
Concerning the references the list shows those which appear with
repetition:
García, J. J., La energía solar, el hombre y la agricultura, Ministerio
de agricultura (4)
Gonzalez, P. M., Las raices del cálculo infinitesimal en el siglo XVII ,
Alianza Universidad (2)
Herrmann, J., Sterne, Mosaik Verlag (3)
Ibarra, J. F. V., Corral, J. A. R., Observaciones agrometeorológicas
y su uso en la agricultura, Noriega (3)
Larson-Hostetler, Calculus, D. C. Heath and Company (3)
Llaugé,F., Iniciación a la meteorología, Marcombo S.A. (2)
Miller, A., Climatology, Omega (4)
Tipler, Physics, Worth Publishers, Inc. (7)
El sistema solar , Salvat (3)
Los oceanos, Salvat (2)
Enciclopedia Universal Ilustrada Espasa-Calpe (2)
Gran Enciclopedia Catalana, Enciclopedia Catalana, S.A. (2)
4. Mathematics vs agrarian and food industries
based on a work from Kepler
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When Kepler, the imperial court astrologer“ at Linz, married, he
”
purchased wine from a barrel for the wedding. To calculate the bill
(see figure 1), the wine merchant measured out the cask introducing a
ruler in the bunghole B until it reached the cover at C ; then he read
off the length BC = d and set the corresponding price. This method
outraged Kepler’s common sense, who saw that a narrow, high keg might
have equal volume as a wide one, and would cause the same price fixing,
its volume being so much smaller.
Giving thought to this method of using d to obtain the volume,
Kepler considers the barrel roughly as a cylinder, with the radius r of
the basis and the height h. So
d2 = (h/2)2 + (2r)2 ;
4r2 = d2 − h2 /4;
r2 = d2 /4 − h2 /16.
For the volume
V = πr2 h,
V = hπ(d2 /4 − h2 /16) = πd2 h/4 − πh3 /16.
Then he questioned: if d is fixed, what value of h gives the largest
volume V ? V is a polynomial in h; the derivative (even though, of
course, Kepler did not use the derivatives) is
V 0 = πd2 /4 − 3πh2 /16.
For V to be a maximum, V ’ must equal zero, and for this reason
√
3h2 /16 = d2 /4;
3h2 = 4d2 ;
h = 2d/ 3.
This last relationship defined a clear proportion. Kepler noticed that in
his homeland barrels were narrower and higher than in Austria, where
their shapes was particularly close to that with maximum volume for a
fixed d — so near, in fact, that Kepler did not believe this was accidental.
So he imagined somebody had calculated barrel shapes, as he himself was
doing, and had taught the Austrians to construct their barrels in this
fashion, a very practical way of doing things, indeed. Kepler showed if
a barrel did not exactly satisfy the requirement 3h2 = 4d2 , but deviates
somewhat, this would have only a little increase in the volume, because
Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

285

near its maximum a function changes slowly. Thus, while the Austrian
method of price determination was quite legitimate for Austrian barrels,
if applied to other shapes such as Rhenish barrels, it would be a fraud.
The Austrian barrels shape had the advantage of permitting such a quick
and simple measuring method. So Kepler relaxed after this. Working out
a problem concerning finer approximations of barrel shapes, he consulted
Archimedes and he realized that his own method permitted him to get
results in a far simpler and more general way than Archimedes, who
had been struggling with annoying and difficult tasks. But what he did
not suspect was that Archimedes, too, formed his results by the method
of indivisibles“. Kepler devoted a book to these problems, today less
”
known than his astronomical discoveries.

Figure 1.

5. Epilogue
At the university, to motivate students is very important in any subjects,
through the contents, the learning processes, the assessment and so on.
For the students, general ways in order to clarify their links with the
subjects are interesting. By widening their horizons it is possible to
stimulate the capacities of the people who study topics which can appear
far from the reality. If the professor includes in his themes connections
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with history, literature, politics, the mass media, normal life, it could
increase the interest of his students in accepting the subject.
Moreover, in a school of engineering in general it is good to connect
the students with humanities and one successful way is by the use of
the history of science. In this field astronomy offers a very interesting
direction. Great men particularly, such as Kepler, allow us to offer
important suggestions to our students.
At the beginning of this talk I suggested an appeared difficult link.
But just at the end I think it will appear that it is possible to construct a
very closely-woven web. I believe that with Mysterium cosmographicum,
in particular, and with Kepler, in general, we can connect contents,
method and meaning of mathematics, mysticism, religion, the teaching,
the study of intuitions about space, physics, history, art and the geometry of life. In my last sentence I reproduce some words from Kepler:
Nature teaches geometry by pure instinct, even without reasoning“.
”
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Kepler’s Laws and using photography
to obtain numerical results
Rosa M. Ros
Abstract.

This contribution presents a study of Jupiter’s Galilean satel-

lites using Kepler’s Laws by means of photographs. Kepler’s ideas on the
solar system, as expressed in his Laws, can be presented to students using
Jupiter and its Galilean satellites as an example of a “planetary system”.
The observer’s point of view, from outside the system, is particularly
helpful for students. The process for every satellite is: first calculate
the radius of the satellite orbit. From several photographs of satellite
positions, you select the greatest radius value. Second, the satellite
period is determined from two photographs using the distance satellite
–Jupiter and the time difference. Finally Jupiter’s mass is calculated.
This process can be repeated for every satellite to compare the results.

In training students who will not be astronomers in the future, it
is important to introduce astronomy with the history of astronomy.
But the introduction of these historical aspects should be very well
selected. It is necessary for students to know the different steps of
mankind throughout time. It is important to teach the process to
arrive at current knowledge, but without emphasizing the mistakes. It
is more positive to note the correct ideas. In this sense Kepler and his
Mysterium Cosmographicum appear as an important step in making a
brief presentation about the solar system.
With an appropriate selection of pages from Mysterium Cosmographicum, the students can follow the evolution of Kepler’s reasoning in
arriving at his Laws. The Mysterium Cosmographicum is especially
interesting in this sense because we have two editions, one from 1596,
before publication of these Laws, and another from 1621 after publication (table 1). Through a convenient selection of some paragraphs
and Kepler’s notes in both editions the students can be led to find the
direction of Kepler’s mind.
It is important to emphasize to students that Kepler tries to answer
a lot of questions on the physics contents of the Copernican model, which
was initially a mathematical and observational concept. Kepler presents
his book as a cosmography, it is not only a mathematical study on
288 Acta historiae rerum naturalium necnon technicarum

New series, Vol. 2 (1998)

Table 1.

1596

Some of Kepler’s publications

Mysterium Cosmographicum

1609

Astronomia Nova
(1st and 2nd Laws)

1619

Harmonices Mundi
(3rd Law)

1621

Mysterium Cosmographicum

astronomy. With his Laws, Kepler provides us with answers on: “Where
is the Sun?” (1st Law), “How do the planets move?” (2nd Law), “What
relationship is there between every planet’s average distance from the
Sun and its orbital period?” (3rd Law).
But he wants something more. He asks himself “Why?”, “Why
are there six planets?”. At this level, of course, the teacher needs to
explain the theory regarding the five solid bodies between the planets,
and how Kepler explains their presence without contradicting the rest. It
is very important to show students that Kepler was interested in studying
philosophical questions related to the “plan of God”, and to give students
a general introduction on the theological concepts of the time. But even
though this objective is important in developing the educational training
of student, it is no less important to increase their knowledge about
Kepler’s Laws.
It is very difficult to prepare a simple experiment for students from
observational data of a planet. It is common to present students with
a simplified version of Kepler’s calculations on Mars’ orbit. But this
exercise, useful for students of astronomy, is much too boring for students
without a special interest in astronomy or in mathematics. The situation
from our observational point (the Earth) is inside the solar system and
this situation introduces a new movement (the Earth’s movement) when
we study the movement of Mars. It would be easier to observe Mars,
or the solar system, from outside (in this case, mankind would not have
any problems in accepting the heliocentric concept). Of course, from
this point of view it is impossible to observe the solar system, but there
is a small “planetary system” which can be observed and used in our
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explanation of Kepler’s Law. This is Jupiter and its four moon’s: Io,
Europe, Ganymede and Callisto.
When Kepler comments on the Sidereus Nuncius published by
Galileo in 1610, he says. “If there are four bodies moving around Jupiter
while Jupiter is moving around the Sun, then what Copernicus said
about the Moon accompanying the Earth in its movement around the
Sun is not absurd”. Maybe, there are no observations to confirm his
Law’s, but he did not continue in this direction of thought. If we select
some paragraphs from the Sidereus Nuncius, students are surprised
because Kepler again tries to justify his theory of the five solid bodies
and other peculiar ideas but does not work on the field of his laws.
When we teach about scientific situations in the past, it is interesting
to present some data concerning the cultural environment: literature,
plastic art, music, etc. It is even better for the students themselves to
prepare this work (Fig. 1). This kind of activity is especially appropriate
for students in Sciences because sometimes their training in other aspects
is partially forgotten.
In thiscase for example, Kepler’s life, and in particular the period
between both publications of Mysterium Cosmographicum coincides with
the writers Cervantes, Shakespeare and Moliere, the painter El Greco
and the composer Monteverdi. But it is especially interesting to note
that Kepler lived after Erasmus, Luther, St. Ignatius Loyola and Calvin
and to consider their possible influence on Kepler’s theological approach
to looking at the questions he deals with and to finding solutions for
them. From the students current point of view his interest in explaining
the “Plan of God” and in answering some of the questions is very
peculiar.
Our purpose is to verify Kepler’s Laws using this small system
from photograph observations (Photo 1). Students can obtain the photographs themselves or use photographic material previously produced
by other students. The process for obtaining this material is very easy.
It is only necessary to connect a reflex camera to an amateur telescope
with a motor which follows the movement of the stars and is able to
observe Jupiter and its moons over a long period of time without losing
track of them. An exposure time of 40 seconds is enough for a telescope
with 100 mm diameter and 1000 mm focal length using high sensitivity
black and white film of 400 ASA. When we have the photographs, we
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start to verify Kepler’s Laws with these observations, which are always
more accurate and better than drawings.
In fact, it is very difficult (because observations are not precise
enough) to verify the first Law so we concentrate on the second and third.
At first, we should accept that the ellipsis has a very small eccentricity
and seems to be a circumference with Jupiter as the focus, that is to

Fig. 1

A chronological table of various cultural figures during the period of Kepler’s
life.
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Photo 1.

Jupiter and its moons.
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say, at the centre. The students’ observations are not precise enough
to deduce the eccentricity, though photographs are much more accurate
in comparison with drawings. But we are able to verify the second and
third Laws. During approximately one month, the students have to take
a collection of photographs of Jupiter and its four satellites, noting the
time in each case.
With the figures 2 a) and b), the students compare the observation
with the orbital positions of each moon, around Jupiter.

Fig. 2

a) Orbital positions of Jupiter’s satellites.
b) Observational positions of Jupiter’s satellites.
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To verify (the 2nd Law) that for equal intervals of time the satellite
covers equal areas, it is sufficient to have a collection of photographs of
the same satellite in positions P1 , P0 , P2 , P3 . . . If we observe that r0 is
the biggest of all (Fig. 2 b)), then this is the radius of the circumference
a.
a = r0
For each rj , we can calculate its angle θj , because,
cos θj =

rj
a

Then for a collection of photographs, like in figure 2b), the students can
draw figure 2 a). There it is very easy to observe that for the same
interval of time, the area is the same. They only have to make circular
sectors on card and compare it with the construction of a simple balance
(Fig. 3).

Fig. 3

Comparing equal areas with a simple balance.
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To verify (the 3rd Law) the relationship between the cube of distances to Jupiter and the square of orbital period is constant, we need
to calculate the period P . From the same collection of photographs we
can write the next proportion for two photographs.
tj − ti
P = 2π
θj ± θi
where the sign ± depends on whether both observations, P j and P i, are
made at the same side of Po (– sign) or on different sides of Po (+ sign).
Then we obtain the value of period P .
If we know the values of a and P for each satellite, we can see the
next relation is correct,
a3
=k
P2
In particular for appropriate units, k is the mass of Jupiter. In
our case, the obtained mass depends on each satellite. In particular,
on average, we obtain that Jupiter’s mass is 0.001 of the Sun’s mass,
which agrees with reality. If we know the mass, we can calculate the
density of Jupiter, which is a little less than the Sun’s at approximately
1.3 gr/cm3 . This value is only a little more then the density of water.
These results are always surprising for students because the majority of
them do not know this.
The results of our experiment done in comparison with the real
values appear in table 2. It is appropriate to study the results obtained
in table 2 with students. Kepler was always very precise, and this quality
was very important to him in formulating his Laws. But returning to
table 2, the results of the orbit’s radius obtained accord with the real
values for each satellite. Only a small error appears, which confirms
the method used is correct for our purposes. But, it has to be said that
Table 2. Period and radius of Jupiter’s satellites. The unit of distance is Jupiter’s
radius (1 J.r.).
Our results

Real values

period

radius

period

radius

Io

1 d 11.0 h

6.0 J.r.

1 d 18.5 h

5.9 J.r.

Europa

3 d 18.0 h

9.4 J.r.

3 d 13.0 h

9.4 J.r.

Ganymede

6 d 03.0 h

15.1 J.r.

7 d 03.5 h

15.0 J.r.

Callisto

15 d 12.0 h

26.3 J.r.

16 d 16.5 h

26.4 J.r.
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this error is too big to try to calculate the eccentricity of the orbit. Then,
at first, we have to assume the orbit is circular.
When we compare of the periods obtained with the real values, we
observe a special phenomenon: the errors increase for each satellite. For
Io, the nearest, there are only some hours, but for Callisto, the farthest,
the error is more than one day. The explanation of this situation relates
to the different speed of each moon when it is moving around Jupiter. For
example in photo 1, we have three observations made on the same date
with intervals of one hour 45 minutes of time. In the three observations
Callisto appears in the same position, but Io has clearly changed its
position. In this case, we have three observations of Io and only one
of Callisto. So, with the same number of photographs we have more
observations of the nearer satellites and less of the more distant satellites.
It seems that we have more information of quicker moons and less of
slower ones.
Finally, although the Mysterium Cosmographicum is often thought
of as a difficult work, the teacher can, with careful preparation and
consideration, use it to present astronomy to students who are not
expected to develop an in-depth knowledge of it.
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Solution of the solar neutrino problem
can facilitate the realistic cosmology selection
Abstract
E. M. Drobyshevski
A hypothesis of the Galactic desk dark matter consisting mainly
of elementary black holes — daemons (Dark Electric Matter Objects)
— having mass M = 1.93 × 10−5 g and corresponding stable (negative)
electric charge of Ze ≤ G1/2 M ≈ 10 e allows to explain the observed
lack of the energetic Solar neutrinos (E. M. Drobyshevski, Preprint PhTI
1664, 1996). The Galactic disk daemons are captured effectively by the
Sun. Their quantity accumulated by now (≈ 1030 ) is quite enough for
providing the most of the Sun’s luminosity if one takes into account
that fusion reaction are bursting at a rate of ≈ 108 s−1 in the atomic“
”
shells formed by protons and other light nuclei around daemons. In
the bursts“, the reaction products (4 He mainly) are shed off, so the
”
daemons serve as catalysts of the proton fusion.
We point out the near-Earth flux of daemons moving at ≈ 50 km/s
velocity could be detected by their catalytic action on the light element
nucleus fusion, e.g. most favourably, on the deuteron fusion.
If the existence of daemons in expected quantities is confirmed, that
will provide a definiteness in fundamental problem of the dark matter in
the Universe and thus offer an unambiguous criterion for selection among
numerous scenarios of the early Universe evolution being elaborated at
present under conditions of severe deficiency of the relevant observational
material.
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Letter of Martin Rees
Preamble
This brief paper is an opportunity to air a few prejudices. There’s
no time to even mention all the key issues, but I’ll instead ruminate
briefly on the scope, limits and prospects of cosmology – where we can
reasonably hope for clear answers and where we can’t.
First, a historical perspective:
What would a conference on cosmology have been like in earlier
decades? In 1950s, the interested community would have been very
small. The Hubble expansion had been known for 20 years. So had the
standard cosmological models, though there was little quantitative data
on how closely any isotropic homogeneous model fitted the actual Universe. Still less were there any discriminatory tests between those models. On that topic. Allan Sandage would no doubt have advocated the
potential of the 200 inch telescope, but there’d have been little dialogue.
In the early 1960s we had the first probes of high redshifts intimations from radio counts that the Universe was indeed evolving, then the
quasars.
The modern era of physical cosmology of course began in 1965.
Penzias and Wilson discovered the microwave background, and the research group at Princeton showed that this radiation offered compelling
evidence for a hot beginning, and brought the early fireball phase“
”
into the realm of empirical science. Throughout the 1970s this evidence
firmed up, as did the data on light elements, and their interpretation as
primordial relics.
In the 1980s the particle physics connection“ gained momentum
”
(the sociological mix of cosmologist changed) — there was intense discussion of the ultra-early Universe, inflationary models, and non-baryonic
matter.
Here we are in the 1990s with a still larger and more diverse community. The pace of cosmology has never been faster. We’re witnessing
a crescendo of discoveries that promises to continue into the next millennium. This is because of a confluence of developments. Among these I’d
highlight three areas where data are burgeoning, and there are exciting
prospects to come:
1. The microwave background fluctuations. A few years ago we had
only upper limits; now a rich field is opening up, offering a unique
probe of early epochs.
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2. Large scale clustering and dynamics: there are extensive surveys
and other systematic studies.
3. The high-redshift Universe: the HST is now fulfilling its potential;
the Keck Telescope is on line, and x-ray telescopes now offer greater
sensitivity.
Simultaneously with this progress, there have been dramatic advances in theory, especially through computer simulations. These now
incorporate realistic gas dynamics as well as gravity.
It is something a coincidence — of technology and funding — that
the impetus on all these fronts has been more or less concurrent.
Some debates in cosmology have been settled; some earlier issues
are no longer controversial. Max Planck claimed that theories are never
abandoned until their proponents are all dead — that’s too cynical, even
in cosmology! And as the consensus advances, new questions which
couldn’t even have been posed in earlier decades are now being debated.
My comments here are therefore just a snapshot“ of evolving knowledge,
”
opinion and speculation.
Consider the following assertion — a typical utterance of a presentday cosmologist who you might run into in the streets of Cambridge.
Our Universe is expanding from a hot big bang in which the light
elements were synthesised.
There was a period of inflation, which led to flat“ Universe today.
”
Structure was seeded“ by gaussian irregularities, which are the
”
relics of quantum fluctuations, and the large-scale dynamics is dominated
by cold“ dark matter (CDM).
”
I’ve written it like free verse“ to highlight how some bits of are
”
firm, others fragile. Line one is now a quite ancient belief: it would have
rated 99 percent confidence for several decades. Line two represents more
recent history, but would now be believed almost equally strongly. Lower
down, the confidence level drops, maybe below 50 percent. (And the
stock“ in some items – for instance CDM theories of galaxy formation,
”
which have had several deaths“ and as many resurrections“ — is very
”
”
volatile, fluctuating year by year!).
The Cosmological Numbers
Traditionally, cosmology was the quest for a few numbers. The first
were H, the Hubble constant; q, the deceleration parameter; and lambda,
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Einstein’s cosmological constant“. Since 1965 we’ve had another: we
”
know, from the microwave background, how many photons per cubic metre there are in the Universe, and the baryon/photon ratio is something
determined by the Velan fireball. In the 1980s non baryonic matter
became almost a natural expectation, and this yields a fundamental
number too.
Another specially important dimensionless number tells us how
smooth the Universe is. It’s measured by
— The Sachs-Wolfe fluctuations in the microwave background
— the gravitational binding energy of clusters as a fraction of their
rest mass
— or by the square of the typical scale of mass-clustering as a
fraction of the Hubble scale.
It’s of course oversimplified to represent this by a single number,
but insofar as one can, its value is pinned down to be 10−5 . What’s
crucial is that it is small. This is crucial because omega and H are
only well-defined insofar as the Universe possesses broad brush“ homo”
geneity — so that our observational horizon encompasses many independent patches each big enough to be a fair sample. This wouldn’t be useful
approximations, if this number were’t much less than unity. Its smallness
is necessary if the Universe is to look homogeneous. But it isn’t, strictly
speaking, sufficient — a luminous tracer that didn’t weigh much could be
correlated on much larger scales without perturbing the metric. Other
observational constraints prelude this — but this very issue is being
debated later this morning, so let’s not prejudge the outcome.
Cosmic History parts 1, 2 and 3
If our Universe has indeed expanded, Friedmann-style, from an exceedingly high density, then cosmic history divides into three parts,
which I find it useful to distinguish. Part 1 only lasts a millisecond.
But it’s an eventful era — up to 40 decades of logarithmic time of we
extrapolate back to the Planck era. The physics is uncertain and this is
the intellectual habitat of specialists in quantum gravity, superstrings,
inflation and the rest.
But after the first millisecond — after the quark-hadron transition
— conditions are within the realm of laboratory tests. The Universe
then enters part 2 of its history. The physics is no longer too exotic.
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(We should, trough, leave our minds at least ajar to the possibility that
the constants may still be time-dependent). And everything’s still fairly
uniform perturbations are still in the linear regime. It’s easy to make
quantitative predictions that pertain to this era. And we’ve now got
high-quality data to confront them with. The marvellous COBE black
”
body“ pins down the microwave background spectrum to a part in 10 000.
The theoretical framework for light element nucleosynthesis goes back
20 or even 30 years, but the debate (concurrence or crisis?) now focuses
on 1 per cent effects in helium spectroscopy, and on traces of deuterium
at very high redshifts. The case for extrapolating back to 1 second is
compelling and battle-tested. Insofar as there’s a standard model“ in
”
cosmology, this is now surely part of it.
When the primordial plasma recombined, after half a million years,
the black body radiation shifted into the infrared, and the Universe entered, literally, a dark age. This lasted until the first stars lit it up again.
Part 3 then began. The basic microphysics remains, of course, straightforward. But once non-linearities develop and bound systems form, gravity, gas dynamics, and the physics in every volume of Landau and Lifshitz
combine to unfold the complexities we see around us and are part of.
Gravity is crucial in two ways. It first amplifies linear“ density
”
contrasts in an expanding Universe; it then provides a negative specific
heat so that dissipative bound systems heat up further as they radiate.
There’s no thermodynamic paradox in evolving from an almost structureless fireball to the present cosmos, with huge temperature differences
between the 3 degrees of the night sky, and the blazing surfaces of stars.
Part 3 of cosmic history is difficult for the same reason that all
environmental sciences are difficult. The whole evolving tapestry is,
however, the outcome of initial conditions (and fundamental numbers)
imprinted during phase 1.
So cosmology is a sort of hybrid science. It’s a fundamental“
”
science, just as particle physics is. But it’s also the grandest of the
environmental sciences. The distinction is useful, because it signals to
us what levels of explanation we can reasonably expect. The first million
years is described by a few parameters: these numbers (plus of course
the basic physical laws) determine all that comes later. It’s a realistic
goal to pin down their values. But the cosmic environment of galaxies
and clusters is now messy and complex — the observational data are
very rich, but we can aspire only to an approximate, statistical, or even
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qualitative scenario“, rather like in geology and paleontology.
”
The relativist Werner Israel likened this dichotomy to the contrast
between chess and mudwrestling. Those interested in cosmology today
would seem to him, perhaps, an ill-assorted mix of extreme refinement
and extreme brutishness (just in intellectual style, of course!).
Emergence of Structure
Our view of cosmic evolution is, like Darwinism, a compelling general
scheme. As with Darwinism, how the whole process got started os still
a mystery. But cosmology is simpler because, once the starting point is
given, the gross features are predictable. The whole course of evolution
isn’t, as in biology, sensitive to accidents“. All large patches that start
”
off the same way, end up statistically similar.
That’s why computer simulations of structure formation are so important. These have advanced marvellously — they have higher resolution, and incorporate gas dynamics and radiative effects as well as
gravity. Density contrasts grow from small-amplitude beginnings; these
lead, eventually, to bound gas clouds, to internal dissipation and then
to star formation.
Things are then more problematical. We’re baffled by the details
of star formation now, even in the Orion Nebula. What chance is there,
then, of understanding the first generation of stars, and the associated
feedback effects? In CDM-type models, the very first stars form at
redshifts of 10–20 when the background radiation provides a heat bath
of up to 50 degrees, when there are no heavy elements. There may be no
magnetic fields, and this also may affect the initial mass function. We
also need to know the efficiency of star formation, and how it depends
on the depth of the potential wells in the first structures.
Because these problems are too daunting to simulate ab initio“, we
”
depend of parameter-fitting guided by observations. And the spectacular
recent progress from Keck and the HST is extraordinarily important
here.
We’re used to quasars at very high redshifts. But quasars are rare
and atypical — we’d really like to know the history of matter in general.
And this information is now coming. Absorption due to the hundreds
of clouds along the line of sight to each high-redshift quasar probes the
history of cosmic gas in exquisite detail, just as a core in the Greenland
ice-sheet probes the history of Earth’s climate.
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But we’d expect galaxies, at least small ones, to from before quasars
— it takes time for large galaxies to form and for their centres to experience some kind of runaway collapse. Ordinary galaxies with redshifts
of 5 or more are now coming within observational range. These emit the
first light and UV that ends the dark age and heats the remaining gas.
The galaxies form and agglomerate into larger structures. Some galaxies
accumulate a central concentrated mass that becomes a quasar. Quasar
activity reaches a peak at around z = 2,5. The rate of star formation
may peak at a somewhat smaller redshifts (even though the very first
starlight appeared much earlier). But for at least the last half of its
history, our Universe has been getting dimmer. Gas gets incorporated in
galaxies and used up“ in stars — galaxies mature, black holes in their
”
centres are starved so AGN activity diminishes.
That, at least, is the scenario that most cosmologists accept. To fill
in the details will need more observations and better simulations. The
aim is to pin down the uncertain parameters involving star formation,
and get a consistent model that not only match all we know about galaxies at the present epoch, but also the increaingly detailed snapshots of
what they looked like, and how they were coustered, at all earlier times.
But don’t be too gloomy about the messiness of Phase 3. There
are some cleaner“ tests. Simulations can reliably predict the present
”
large-scale distribution of non-dissipative dark matter. This can be
observationally probed by weak lensing, large scale streaming, and so
forth, and checked for consistency with the CMB fluctuations, which
probe the linear precursors of these structures.
Just one cautionary note here: I mentioned earlier some basic
cosmic numbers“. But there are other often used-numbers that may
”
not deserve the same status — for instance, the biasing parameter b“,
”
which relates the overdensity of galaxies to that of total mass. Galaxies
plainly don’t trace mass. But the relationship is surely a complicated
function; many environmental effects may come into play. We mustn’t
objectivise b“ as a single number (it’s as misleading as IQs in psychology,
”
even if not so mischievous!).
Dark Matter; what, and how much?
One issue of over-riding importance is the nature of the dark matter.
How much there is and what it is still eludes us. It’s embarrassing that
90 percent of the Universe remains unaccounted for.
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This key question may yield to a three-pronged attack:
1. Direct detection. Searches are underway for candidates as varied as
machos, wimps and axioms in the Galactic Halo.
2. Progress in particle physics. If neutrinos have a mass of a few eV,
then they must be an important dark matter constitutent. And if we
knew the properties of supersymmetric particles, the number that
survive from phase 1 could be calculated just as we now calculate
the helium and deuterium made in the first three minutes. And
there may be still more exotic stuff.
3. Simulations of galaxy formation and large-scale structure. When
and how galaxies, and the way they are clustered, plainly depends
on what their gravitationally-dominant constituent is.
The range of techniques deployed on this key problem of the dark
matter exemplifies nicely the scope of current cosmology.
Inflation and the Very Early Universe
The gross properties of our Universe, and indeed its overall scale, are
determined by physics as surely as the He and D abundances are — it’s
just that the conditions back in phase 1 are far beyond anything we can
experiment on, and the relevant physics is itself still conjectural.
The inflation concept is the most important single idea. It suggests
why the Universe is so large and uniform — indeed, it suggests why it
is expanding. It was compellingly attractive when first proposed, and
most cosmologists (with a few eminent exceptions like Roger Penrose)
would bet that it is, in some form, part of the grand cosmic scheme.
The details are still unsettled. Indeed, cynics may feel that over the last
15 years, there’ve been so many transmogrifications of inflation — old,
new, chaotic, baroque, decadent and eternal — that its predictive power
is much eroded. (But here again extreme cynicism is unfair).
Theorists still haven’t shown whether inflationary models can nat”
urally“ account for the fluctuation amplitude 10−5 — and, more controversially, whether it’s plausible to have a non-flat Universe, or a
cosmological constant in the permissible range. It’s important to be
clear about the methodology and scientific status of such discussion.
I comment with great diffidence, because I’m not an expert here.
This strand of cosmology may still have unsure foundations, but
it isn’t just metaphysics: one can test particular variants of inflations.
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For instance, definite assumptions about the physics of the inflationary
era have calculable consequences for the fluctuations — whether the’re
gaussian, the ratio of scalar and tensor modes, and so forth — which
can be probed by observing large scale structure and, even better, by
microwave background observations. Cosmologists observe, stretched
across the sky, giant proto-structures that are the outcome of quantum
fluctuations imprinted when the temperature was 1015 GeV or above.
Measurements with the (recently funded) MAP and Cobra-Samba spacecraft, will surely tell us things about grand unified“ physics that can’t
”
be directly inferred from ordinary-energy experiments.
The Planck Era and Beyond“
”
These question of course lead right back to the Planck era. (Where
we should recall John Wheeler’s visionary work on space-time foam“
”
right back in the 1950s). We may wonder, in our speculative moments,
about the likely scope and limits of a fundamental theory. Does it
determine uniquely what we call the fundamental constants — particle
masses and coupling constants? Do these constants even change slowly
with time (something that might be important for primordial helium)?
Are these constants“ uniquely specified by some equation that we can
”
eventually write down? Or are they in some sense accidental features of
how our Universe cooled down — secondary manifestations of some still
deeper laws governing a whole ensemble of Universes?
This might seem arcane stuff, disjoint from traditional“ cosmology
”
— or even from serious science. But my prejudice is to be openminded
about ensembles of Universe and suchlike. This makes a real difference
to how I weigh the evidence and place my bets on rival models.
One can draw a lesson here from 400 years ago. Kepler was upset to
find that planetary orbits were elliptical. Circles were more beautiful —
and simpler, with one parameter not two. But Newton later explained all
orbits in terms of a universal law with just one parameter, G. Had Kepler
still been alive then, he’d surely have been joyfully reconciled to ellipses.
The parallel’s obvious. The Einstein-de Sitter model seems to have
fewer free parameters than any other. Models with low omega, non-zero
lambda two kinds of dark matter, and the rest may seem ugly. But
maybe this is our limited vision. Just as Earth follows one possible
orbit around the Sun, so we may realise that our Universe is just one
of the many anthropically-allowed members of a grander ensemble. So
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I’m inclined to go with Occam’s razor and be wary of arguments that
omega = 1 and lambda = 0 are a priori more natural and less ad hoc.
There’s fortunately no time to sink further into these murky waters,
so I’ll briefly conclude.
Cosmologists confront some fascinating open question. I suspect
they’ll still seem open at the end of this year; but it’s fascinating, when
one attends conferences, to learn the balance of current opinion, and
what bets people are prepared to place on the various options. But
by the year 2000, only four years from now, I’m optimistic enough to
believe that some issues may be settled.
By then:
We will not only agree that the value of H is known to 10 percent
— we’ll agree what that value is.
We’ll know whether or not the density parameter omega is 1 and
what the cosmic deceleration q is (from high-z supernovae, form the
CMB, and large scale streaming).
I’d even bet (though maybe I’m being a bit rash here) that we’ll
know what the dominant dark matters is.
But I’m very confident, to quote the final words of Peebles’ classic
cosmology text, that: As the puzzles and conundrums we know about
”
are laid to rest, they will be replaced by still more interesting ones“.
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