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1. Introduction

1 The! notion of “Planetary System’, including the Sun, the Moon and
the planets, arose early in the astronomical models of the cosmos due
to the specific orbital trajectories of these bodies against the back-
ground of the “fixed stars” Early astronomers described the regular
planetary movements in geocentric models that gave an accurate de-
scription of the world given the precision of the observations of the
time.

2 However, transient astronomical phenomena such as comets did not
follow the predicted regular patterns of the heavens and were releg-
ated to the terrestrial realm as atmospheric exhalations or meteoro-
logical events.

3 We will describe in this article how the continuous study of comets
and, later, of asteroids helped to put into question or further validate
the concepts of the “Solar System”, that is as a system encompassing
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the physics of all planetary bodies, through time. First, astronomers
had to recognize that comets were celestial phenomena, but behav-
ing differently from the other planets. Second, the precise study of
the cometary orbits was pivotal in validating the gravitational theory
developed by Sir Isaac Newton in the 17™ century and lead Sir Ed-
mond Halley to successfully predict the return of a comet by the mid-
18 century. The validation of this prediction by astronomers defin-
itely placed the comets as members of the Solar System, following
the same rules as defined by the new gravitational model of the Uni-
verse. Finally, by the 19t century, another family of small solar system
bodies, the asteroids, further broadened the families of objects be-
longing to the Solar System. From their studies scientists started to
realize that these objects evolved in the Solar System but also im-
pacted regularly with the Earth, further strengthening the link
between all planetary bodies and their common evolution since the
beginning of time.

Thanks to the studies of comets and asteroids, the concept of “plan-
etary system” emerged strengthened from the fact that the diversity
of objects found in the Solar System follow the rules of the gravita-
tional model of Newton, but also because their detailed studies made
people realize the many different links between the planets, the Sun
and their common origin.

2. The Antiquity and the descrip-
tion of comets as terrestrial phe-
nomena

Comets have been known to mankind for a long time, and were often
considered as heralds of disasters or messengers of the gods?. As an
example, Marcus Manilius (15t century ap) summarized the effect of
comets on Earth in his Astronomica in the following way:

Or God in Pity to our humane State, sends these as Nuncio’s of ensu-
ing Fate, never did Heaven with these fires vainly burn; deluded
Swains their blasted Labours mourn, and the tired Husband-man to
fruitless Toil compels his Oxen in a barren Soil: or the lethiferous Fire
their Bodies Kkills, wasting their Marrows out with lingering Ills,
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People consumes, whole Towns depopulates, whilst flaming Piles
conclude the public Fates 3.

6 The only notable exception to this interpretation was the appearance

of Caesar’s comet of 44 sc (C/-43 K1) which has been widely regarded
as a sign of the apotheosis of the great ruler as illustrated in fig. 14,

Fig. 1. Coinillustration of Caesar’s comet of 44 sc (C/-43 K1)

(Classical Numismatic Group, GNU Free Documentation License via https://commons.wiki-
media.org)

7 The first recorded historic observation of comets is detailed in The
Annals of Lii Buwei (Liishi Chungqiu attributed to Confucius) which de-
scribe events that occurred between 722 and 481 sc. Out of three
comets that were observed, the first is described as follows:

In the 4th year of Wen Kung, Prince of Lu, [611 Bc] in the Autumn of
the 7th month, there was a comet which swept in the Pei Tow [The
Great Dipper]®.

8 This may have been a return of Halley's comet. It is remarkable that
Chinese astronomer have never missed to observe each return of
Halley’s comet from 240 sc to 1986 ap. Their observations were very
accurate and they even noticed early on that the comet’s tail orienta-
tion was directed in the opposite direction from the position of the
Sun in the sky as stated in Halley’s comet record of 837 as:
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If the comet be a morning star its tail should point west and if it be
an evening star its tail should point east 5.

9 This peculiar orientation of the cometary tails and their various mor-
phologies (linear, curved, and multiple tails) are illustrated on the silk
manuscript Tianwen qixiang zazhan (Miscellaneous Prognostications
Concerning Astronomy and Meteorology) probably copied around the
eleventh year of Emperor Gaozu of Han (ca.195 sc)’ as shown in fig. 2.
Few records of other observations of comets from ancient civiliza-
tions exist, with the possible records of Halley’s comet on Babylonian

tablets for its 164 sc and 87 sc apparitions 8.

Fig. 2. Comets recorded on the silk manuscript Tianwen gixiang zazhan
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(Miscellaneous Prognostications Concerning Astronomy and Meteorology, public domain
image from Wikimedia)

10 The ancient Greeks developed a set of rational explanations for this
natural phenomenon. However, because of the belief that the heavens
were the perfect realm of the gods and because of the inherent diffi-
culty in correctly assessing the distances for celestial events, comets
were thought to be atmospheric in origin. Aristotle (384-322 sc)
formalized his theory on comets in his Meteorologica where he de-
scribed them as originating from turbulences in the atmosphere. He
starts by criticizing previous theories of comets as possible planets
since they present very different trajectories and brightnesses. Espe-
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cially many comets can be seen simultaneously in the sky, and their
trajectories are not restricted to the zodiac where the planets evolve.
Aristotle’s meteorological theory of comets is based on dry exhala-
tions from the atmosphere that reach the celestial sphere of fire and
start burning there.

We know that the dry and warm exhalation is the outermost part of
the terrestrial world which falls below the circular motion. It, and a
great part of the air that is continuous with it below, is carried round
the earth by the motion of the circular revolution. In the course of
this motion it often ignites wherever it may happen to be of the right
consistency, and this we maintain to be the cause of the “shooting” of
scattered “stars”. We may say, then, that a comet is formed when the
upper motion introduces into a gathering of this kind a fiery prin-
ciple not of such excessive strength as to burn up much of the ma-
terial quickly, nor so weak as soon to be extinguished, but stronger
and capable of burning up much material, and when exhalation of
the right consistency rises from below and meets it. The kind of
comet varies according to the shape which the exhalation happens to
take ¥,

This links the comets to the phenomenon of shooting stars but makes
it longer lived. Aristotle goes on to correlate comets and their fiery
composition to predict fiery and dry years. He then uses the same ar-
gument to explain the Milky Way as a similar meteorological phe-
nomenon. Aristotle’s theory of comets was quite successful in ex-
plaining the sporadic and irregular apparitions of comets and why
they do not follow the zodiacal band.

Ptolemeus reproduced Aristotle’s view on comets in his Almagest,
which was to dominate astronomical concepts of the cosmos until
the Renaissance. As such, Aristotle’s view on comets was probably
one of the longest admitted theory in the history of natural philo-
sophy 19, However, one major drawback of this explanation was that,
given the origin of the comets as fire located at the interface between
celestial spheres, they would have to be elongated in the East-West
direction and further observations showed that this was wrong.

Before we go on to describe more recent theories of comets, it is im-
portant to cite the work of Lucius Seneca (ca. 4 Bc-65 ap) who dedic-
ated a complete book of his Quaestiones Naturales to the origin of
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comets. He compiled in his work many records of sightings of
comets, and detailed a synthesis of the knowledge from those objects
at the time. He notices that if comets were related to winds, then
they should not appear in the absence of wind, and should be per-
turbed by violent winds, which is not the case. Seneca attempts to
put the comets back into the realm of the celestial objects but con-
cludes that the observations of such objects are too few to ascertain
their nature, but that future generations pursuing knowledge may
eventually uncover it.

In view of this inquiry it will be well to ask whether comets are
wholly analogous to stars and planets. They seem to have certain
elements in common with them for example, rising and setting as
well as their general form, although comets are more scattered, and
end in a longer tail. They are alike, too, in their fiery bright appear-
ance. So, if all the stars are earthy bodies, comets must share the
same lot. But if the stars are pure fire and nothing else, remaining for
six months at a time unbroken by the rapid whirl of the universe,
then comets, too, may consist of some rarefied material, which is not
broken up by the constant revolution of the sky. [... Comets] are not
accidental fires, but in woven in the texture of the universe, directed
by it in secret, but not often revealed. And how many bodies besides
revolve in secret, never dawning upon human eyes? [...] Many, too,
that are unknown to us, the people of a coming day will know. Many
discoveries are reserved for the ages still to be, when our memory
shall have perished .

3. The Copernican revolution and
the recognition that comets are
celestial objects

The end of the Middle Ages and the Renaissance saw a renewal in
using methods to explain natural phenomena. In the case of cometo-
logy (the science of comets), this was further helped by the improve-
ments in accuracy of astronomical observations and better kept re-
cords. Peter of Limoges (1240-1306) measured the position and the
motion of the comets of 1299 and 1301. Later, Geoffrey of Meaux
(1310-1348) and Jacobus Angelus (1360-ca.1410) also wrote treatises on
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the comets and the positions they observed using astronomical in-
struments. With the advent of more precise observations, the Aris-
totelian theory of comets as atmospheric phenomena was starting to
become less tenable. The successive generations of astronomers
would attempt to better measure the distances of the celestial ob-
jects, and in so doing would also determine the locations of comets in
the Solar System, which would strengthen the Copernican revolution.

Levi Ben Gerson (1288-1344), credited with having invented the Jacob’s
staff for the measurements of angles between celestial bodies, was
the first scholar to work out the theoretical basis for using parallax to
measure the distance of comets and also was the first to mention a
cometary observation in the context of astronomical observations of
Mars in 1337.

We also ascribed the absence of any increment in the size of Mars in
Scorpio to the thickness of the vapors [edim] through which it was
seen at that time. We then understood that this phenomenon took
place because of the comet [kokhavmezunnav] that continued to ap-
pear for more than 3 months; that vapor came into being under
Scorpio and its was drawn from there to somewhat below the north
pole: there it burst into flame [hitlahavut] and it perished in Scor-
pio 12)

The Italian scientist Paolo Toscanelli (1397-1482) was the first to intro-
duce precise charts of the trajectories observed for 6 comets from
1433 to 1472 13 His method introduced the systematic study of comets
opening the door to a set of discoveries that would be made by his
followers. The first astronomer to attempt measuring the distance of
comets using the parallax method was Georg Peurbach (1423-1461)
who demonstrated that the comet of 1456 must have been at least
1000 German miles (more than 1 Earth radius) from the surface of the
Earth. His discussion of the origin of comets remains entirely Aris-
totelian, though 4,

Johannes Regiomontanus (1436-1476) significantly improved the pro-
cedure for determining a comet’s position, size, and distance. He
published his reflections in his De cometae magnitudine, longitudine
ac de loco eius uero, problemata XVI, which describes in details the
mathematical tools necessary to obtain the magnitude, position, dis-
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tance and volume of the comet, without applying it to a concrete ex-
ample 1>, However, Regiomontanus did apply those calculations to the
apparition of the comet of 1472, the results of which were published
in the treatise De Cometis attributed to him!6. The treatise was pub-
lished at a later point in 1548 and as an annex to the work of the as-
tronomer Thaddaeus Hagecius ab Hayek (1525-1600) Dialexis de novee
et prius in cognite stellz in 1574, In this treatise, the parallax dis-
tance of the comet was calculated to be at least 8200 German miles,
corresponding to 9 Earth’s radii:

According to this parallax it follows that the body of the comet is
nine times the Earth’s radius from the surface of the Earth, which is
at least 8200 miles. This places it in the upper part of the highest re-
gions of air and not in the region of fire, supposing a ten-fold sym-

metry of the elements. This is just as the philosopher determined ac-

cording to On Generation '8,

Whoever was the author of the treatise, its publication is clearly the
mark of a new type of study for the comets, as their distances start to
be assessed and their trajectory better apprehended. While the cal-
culated distances are relatively large for the time, they remain within
the realm of the sublunary world, since the distance to the Moon was
estimated to be at least 33 Earth’s radii at the time, and therefore the
Aristotelian view of the world was not invalidated by the observations
so far.

Historically, the publications of Regiomontanus’ cometary treatises
occurred around 1531, at a time when three spectacular comets ap-
peared in the sky (1531, 1532, 1533). This renewed the interest of as-
tronomers in the properties of comets. A significant discovery that
definitely linked comets to astronomical bodies was the observation
that cometary tails are always directed in the direction opposite to
the Sun. The Italian scientist Girolamo Fracastoro (ca. 1478-1553) ob-
served the comets and first stated that the comet’s tails were always
directed away from the Sun: “director semper in oppositam Soli
partem” in his Homocentricorum sive de stellis!®. Petrus Apianus
(1495-1552), known as Apian, was a German scientist who developed
new instrumental designs for geographical and astronomical meas-
urements. He carefully observed the trajectories of 5 comets from
1531 to 1539. He illustrated the fact that the cometary tails are sys-
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tematically in the opposite direction to the Sun in his Astronomicum
Caesareum 20 as shown in fig. 3. Girolamo Cardano (1501-1576) and Jo-
hannes Vogelin (1500-1549) will attempt and discuss similar measure-
ments 2.,

Fig. 3. Observations of comet C/1532 R1 in October and November 1532 by
Apian leading to the discovery that cometary tails are directed opposite to the
Sun’s position in the sky

(Illustration from Apian’s Astronomicum Caesarum, public domain image from Wikimedia)

20

21

While Nicolas Copernicus (1473-1543) tackles the question of helio-
centrism in his De revolutionibus orbium ccelestium, he does not make
any particular mention of comets, and probably considers them to be
part of the sublunar world, as most scientists of his time. The final
realization that comets indeed belong to the stellar realm occurred at
the end of the 16" century by the combination of several astronom-
ical events.

Tycho Brahe (1546-1601) was a Danish astronomer who developed the
highest accuracy database of celestial naked eye observations of his
time, with position precisions reaching 1 arcminute or less?2. On 11
November 1572, he observed a new bright star near the constellation
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of Cassiopeia. Over several months of observation, Tycho Brahe real-
ized that the new star did not change position with respect to the
other stars and did not present any detectable daily parallax, indicat-
ing that the object was located very far, and probably belonged to the
sphere of stars. He published the results of his observations in De
nova stella 3. This was the first time that the immutability of the stel-
lar sphere was put into question by the observations.

The great comet of 1577 (C/1577 V1) was a spectacular astronomical
phenomenon visible for several months and followed by many astro-
nomers in Europe who had observed the 1572 supernova. The comet
was located near the Sun, which made the observations challenging,
however, Tycho Brahe succeeded in observing the comet as often as
he could and recorded the ephemerides of the comet from November
9, 1577 to January 26, 1578 obtaining parallax measurements of the
comet. He demonstrated that the distance between the comet and
the Earth was at least 6 times the one between the Earth and the
Moon. This was detailed in Tycho Brahe’s De mundi @therei recenti-
oribus phanomenis, liber secundus?%. In this publication, he also in-
troduces his Tychonic system, a hybrid between the heliocentric and
the geocentric systems, where the planets and comets orbit the Sun,
who in turn orbits the Earth and the Moon as illustrated in fig. 4.
Some other observers confirmed the supra-lunar position of the
comet, such as Michael Maestlin (1550-1631) in his work Observatio et
Demonstratio Comete Atherei, qui Anno 1577. et 1578. constitutus in
spheera Veneris, apparuit 2°. Other observations, like the parallax cal-
culated by Hagecius seemed to indicate a sublunar position for the
comet 26 but, after exchanges with Tycho, he considered his calcula-
tions to indicate a supralunar orbit?’. A detailed study of the influ-
ence of the great comet of 1577 on astronomical thought can be found
in Hellmann’s work %8,
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Fig. 4.

Parallax calculations of the comet of 1577 from Tycho Brahe and the Ty-

chonic system where the Moon orbits around the Earth, Venus, Mercury and

comets rotate around the Sun, which orbits around the Earth. The outer planets

(Mars,

23

Jupiter and Saturn) are not illustrated here, but rotate around the Sun on

circles that are larger than the illustration 2%.
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(Public domain image from Wikimedia)

Following Tycho Brahe’s very accurate observations of the supernova
of 1572 and the comet of 1577, not only was the sphere of fixed stars
impermanent, but unpredictable objects, such as comets, were then
demonstrated to also evolve amongst the other more regular celestial
objects. These observations put into question the whole Aristotelian
description of the world. Tycho also spends some time describing the
cometary tail phenomenon. He notices that stars can be seen
through it while not through the comet’s head and explains it, as it
was suggested by prior observers, to be formed by the rays of the Sun
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being scattered by the body of the comet’s head assumed to be semi-
transparent 30,

With the advent of the heliocentric system, and the demonstration
that comets were in fact irregular celestial objects, it was clear that
these new objects would need to be studied in the same way as the
planets or the stars in order to understand the cosmos. It was there-
fore logical that to obtain a better understanding of those objects
would require to determine precisely what orbits they followed dur-
ing their passages through the sky. This would in turn give rise to the
concept of “Solar System” as the ensemble of bodies orbiting the Sun.

4. Debates about comets during
the 17t" century

Equipped with Tycho Brahe’s most accurate observations of the ce-
lestial movements of the planets, Johannes Kepler (1571-1630) devised
his three laws of planetary motion, notably to explain the relatively
eccentric orbit of Mars. In order to arrive at his nicely laid out laws
that govern the movement of the planets, Kepler had to remove from
consideration the comets and other wandering bodies of the celestial
sphere to correctly explain the planetary motion. Later on, he ad-
dressed the questions of cometary movements in his treatise De
Cometis, where he argues that “it probably does not happen that
those objects, which never return to the same place, move in circular
paths: just the opposite is the case; it is therefore probable that their
motion is rectilinear”3!. He then goes on to provide rectilinear curves
for the observations of the comets of 1607 and 1618, however the

numbers did not fit the data particularly well 32

. One significant con-
sequence of the Keplerian hypothesis for comets was that following
linear paths, these ephemeral objects had to belong to the universe
outside of the Solar System, the interstellar medium, which was an
interesting extreme 33, after the Aristotelian hypothesis of terrestrial
origin of the phenomenon. This was somewhat in line with the
thoughts of René Descartes (1596-1650), a French scientist and philo-
sopher, whose rationalist method became extremely influential, and
who described the origin of stars as collapsed elements within vor-

tices where remnants would remain at the borders and form comets
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and planetary bodies who would then move between the considered

vortices 34,

The Aristotelian hypothesis was still considered seriously at the time,
even after the remarkable parallax measurements of Tycho, as Mario
Guiducci (1583-1646), Galileo’s student published the same year his
Discorso delle comete, commonly attributed to Galileo Galilei (1564-
1642)%°. In it, a terrestrial explanation for the comets is again presen-
ted, as an exhalation from the upper atmosphere of the earth, reflect-
ing the light of the Sun, similar to the phenomenon of the aurorae.
Having the objects of interest reflect the light from the Sun can be
used to explain the large parallax distance, since in such an instance
the angle between the Sun, the comet and the observer needs to re-
main constant for the object to be seen (just like for the rainbow). Ga-
lileo would later expound on the theory himself in his book Il Saggia-
tore 36, This was probably the last serious attempt at explaining the
cometary observations as a terrestrial phenomenon.

Other observers continued to make progress in the observation of
comets and proposed yet different explanations for their motion. Jo-
hannes Baptista Cysatus (1587-1657), a Swiss jesuit astronomer, made
the most precise observations of comets of the early 17™ century in
his Mathematica astronomica de loco, motu, magnitudine et causis
cometae qui sub finem anni 1618 et initium anni 1619 in ccelo fulsit3’. In
this book, he described how comets are formed from a nucleus and a
tail, and how they revolve around the Sun in circular orbits, and sug-
gested parabolic orbits for some. Even though he could not have de-
tected what is now called the nucleus of a comet, these were very
modern insights into the phenomenon for that time. Giovanni
Domenico Cassini (1625-1712), an Italian astronomer who became the
first director of the Paris Observatory, observed the comet of 1664
and described a theory of its motion in which the comet follows a
large circle whose center is in the direction of the star Sirius, with a
perigee beyond the orbit of Saturn38. These theories of comet mo-
tion remained within the Tychonic system framework.

Finally, a number of astronomers further developed the program that
was prescribed by Seneca to record all possible comet sightings in
history. Indeed, only a full set of observations of all those phenomena
would certainly help shed light on their origin. This was the goal that
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Johannes Hevelius (1611-1687) set for himself when he decided to
write the largest compilation of comet observations of the time, his
Cometographia (1668)3. He himself discovered four comets between
1652 and 1677. Hevelius argued that comets were ephemeral objects
generated by the upper atmosphere of planets and travelling across
the solar system following almost straight-lined orbits deformed by
their interaction with the Sun. He argued that the shape of the
comet’s head, supposed not to be spherical and assumed to be a disk
remaining perpendicular to the solar direction, would induce a signi-
ficant curvature of the orbit, due to friction with the sther. From as-
tronomical observations, such curves could not be closed ellipses.
However, the trajectories of comets were well described by parabolas
(and possibly hyperbolas) and this is what Hevelius assumed in his
model as illustrated in fig. 5 and in fig. 6. This was the first time that
parabolic orbits were considered to explain the movement of celestial
objects.

Fig. 5a. Frontispiece of Johannes Hevelius’ Cometographia
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Representing the competing 3 theories of the origin of comets: Aristotle’s terrestrial the-
ory on the left, Kepler’s linear trajectories and interstellar theory to the right, and Hevelius’
parabolic theory in the centre

(Creative common license courtesy of the Linda Hall Library of Science, Engineering &
Technology)

Fig. 5b. Plot of the trajectory of the comet of 1665 as recorded by Hevelius 4°

(Creative common license courtesy of the Linda Hall Library of Science, Engineering &
Technology)
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Fig. 6. Hevelius’'model for the parabolic trajectories of comets from his Cometo-
graphia

29

Note that comets are generated by a spiral linked to a planet, and the disk representing
them is constantly perpendicular to the solar direction.
The rectilinear trajectories are deformed into parabolic curves 41

(Public domain image from Wikimedia)

At about the same time as the Hevelius publications, a French astro-
nomer, Pierre Petit (1594-1677) remarked the apparent similarity
between the orbits of the comets from the years 1618 and 1664 and
assumed that it could be the same object orbiting along an elongated
orbit with a period of 36 years*?. He was probably the first astro-
nomer to make the prediction of the return of a comet based on valid
observational arguments. The idea of the return of comets as peren-
nial objects orbiting the Sun was ripe for confirmation.
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5. Newton’s gravitational theory
and the determination of the or-
bits of comets

One of the pressing astronomical problems of the end of the 17t cen-
tury was to find an explanation for Kepler’s three laws of planetary
motion. It is well known that Sir Isaac Newton (1643-1727) revolution-
ized the physical sciences with the publication of his Philosophize
Naturalis Principia Mathematica*3, which explained the planetary
motions by the application of the universal gravitational force binding
all massive objects together. It is generally recognized that the
demonstration of the gravitational principle relies on the comparison
between the force linking terrestrial objects to the Earth, and the
force that makes the Moon orbit the Earth. Newton then generalized
this principle into a universal gravitational relationship proportional
to the masses of the interacting bodies and inversely proportional to
their squared distance. Applying this law to the movement of planets,
one could directly infer by calculus the three laws of Kepler without
further assumptions. All these demonstrations were enough to ex-
plain the solar system as it was considered at the time (with planets
and satellites), but if Newton’s law was to be truly universal, it should
also be able to explain and predict other planetary phenomena, the
prime example of which, as we have seen, was the erratic behaviour
of comets. This he demonstrated brilliantly by applying his law to the
trajectory of the comet of 1680 (C/1680 V1) and calculating for the
first time its orbital elements, as illustrated in the graph published in
the Principia shown in fig. 7.
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Fig. 7. Newton’s illustration of the fit of a parabola to the trajectory of the great
comet of 1680 published in his Philosophia Naturalis Principia Mathematica,
thus demonstrating the universality of his law to all solar system objects 44

(Public domain image from Wikimedia)

31 At last, comets were shown to follow regular laws of physics, and to
follow conic trajectories, like the planets, stemming from a single
physical process, the inverse-square law of gravitation. In fact, New-
ton goes further than just describing the orbit of comets, as he also
tackles their physical properties. Indeed, he notes that comets reflect
the sunlight and that they appear visible when they are generally
closer than Jupiter to the Sun:

(Cor 1) Therefore the comets shine by the sun’s light, which they re-
flect.

(Cor 2) [...] for comets descending into our parts neither emit tails,
nor are so well illuminated by the sun, as to discover themselves to
our naked eyes, until they are come nearer to us than Jupiter %°.

32 He also noticed that the tail of the comet was much longer after the
close passage to perihelion of the body which he interprets as due to
the heating from the Sun:

The greatest and most fulgent tails always arise from comets imme-
diately, after their passing by the neighbourhood of the sun. There-
fore the heat received by the comet conduces to the greatness of the
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tail: from whence, I think I may infer, that the tail is nothing else but
a very fine vapour, which the head or nucleus of the comet emits by
its heat 46,

Those are very modern considerations and have been corroborated
by further studies during the 20t century 4. Newton then concludes:

We have said, that comets are a sort of planets revolved in very ec-
centric orbits about the sun: and as, in the planets which are without
tails, those are commonly less which are revolved in lesser orbits,
and nearer to the sun, so in comets it is probable that those which in
their perihelion approach nearer to the sun are generally of less
magnitude, that they may not agitate the sun too much by their at-
tractions. But, as to the transverse diameters of their orbits, and the
periodic times of their revolutions, I leave them to be determined by
comparing comets together which after long intervals of time return
again in the same orbit 48,

This definitely places comets amongst planetary objects of the solar
system and indicates the line of research for further cometary stud-
ies.

Indeed, all known comets of the time presented orbits too elongated
to determine whether their trajectory was a closed curve or not and
the parabolic fit to the trajectories of comets would lead the objects
to remain transient events and never to be seen again. However, the
idea that some comets at least could be on such elongated elliptical
orbits that they may be able to return was starting to be taken seri-
ously. William Whiston (1667-1752) published in his New Theory of the
Earth#° the hypothesis that planetary objects orbiting the Sun con-
stituted a system, that is a set of celestial bodies interacting with the
gravitational forces and excluding the fixed stars°C. He also tentat-
ively explained the biblical deluge by the forces exerted by comets on
the Earth as illustrated prominently in his Solar System shown in
fig. 8. However, Whiston theories remained speculative.
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Fig. 8. Whiston's illustration of the Solar System appearing in his New Theory of
the Earth
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This is one of the first times where the planetary objects orbiting the Sun were illustrated
as a system, and the first illustration of a closed elongated cometary orbit.

(Public domain image from Wikimedia)

36 Equipped with the mathematical tools devised by Newton, Sir Ed-
mond Halley (1656-1742) tackled the task to determine as precisely as
possible the orbital parameters of the recorded historical comets.
This work took some time, and his results were published in the book
A Synopsis of the Astronomy of Comets®!, in which he presented the
estimated orbital parameters for 24 historical comets. He noticed
that three sets of parameters appeared very similar, those for the
comet of 1531, 1607 and 1682 as can be seen in fig. 9 and fig. 10.
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Fig. 9. Halley’s cometary orbital parameters table published in his Synopsis of the
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Fig. 10. Solar system chart by William Whiston showing the orbits of the planets
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and cometary paths calculated by Halley

(Royal Astronomical Society, Public domain image from Wikimedia)

He then made the connection with a prior observation of a retro-
grade comet observed in the year 1456, assuming it could be the same
returning comet. Based on this set of values, and especially the in-
clination of their orbits and their perihelion distances, he predicted
the return of the comet for the year 1758. Note that he already no-
ticed this similarity during a public presentation of this work he
presented at the Royal Society in 1696

The principal use therefore of this Table of the Elements of their Mo-
tions, and that which induced me to construct it, is, That whenever a
new Comet shall appear, we may be able to know, by comparing to-
gether the Elements, whether it be any of those which has appear’d
before, and consequently to determine its Period, and the Axis of its
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Orbit, and to foretell its Return. And, indeed, there are many Things
which make me believe that the Comet which Apian observ'd in the
Year 1531. was the same with that which Kepler and Longomontanus
took Notice of and describ'd in the Year 1607. and which I myself have
seen return, and obferv'd in the Year 1682. [...] This, moreover, con-
firms me in my Opinion of its being the same; that in the Year 1456.
in the Summer time, a Comet was seen passing Retrograde between
the Earth and the Sun, much after the same Manner: Which, tho no
Body made Observations upon it, yet from its Period, and the Man-
ner of its Transit, I cannot think different from those I have just now
mention'd. Hence I dare venture to foretell, That it will return again
in the Year 1758. And, if it should then return, we shall have no
Reason to doubt but the rest must return too: Therefore Astro-
nomers have a large Field to exercise themselves in for many Ages,
before they will be able to know the Number of these many and great
Bodies revolving about the common Center of the Sun and reduce
their Motions to certain Rules 3,

More precisely, he predicted the comet to return “about the end of
the year 1758, or beginning of the next” >4,

Unfortunately, Halley died before the return of this comet, but his
prediction was seriously followed by astronomers (Alexis Clairaut,
Joseph Jérome Lalande and Nicole-Reine Lepaute) who dedicated
time to predict more precisely the orbit of the comet taking into ac-
count the perturbations induced by the giant planets, Jupiter and
Saturn. They predicted a perihelion passage in mid-April 1759 with an
error of about a month ®°. Charles Messier (1730-1817) was the first to
re-observe the comet in January 1759 and its orbital characteristics
were consistent with the ones of the previous apparitions of the
comet. This prediction confirmed the validity of Newtonian mechan-
ics and firmly located the comets as planetary bodies within the solar
system. Since then about 375 periodic comets have been discovered
and they are conventionally named after their discoverer 6. The suc-
cessful prediction of the return of comet 1P/Halley spectacularly
demonstrated the validity of the Newtonian physics and the law of
gravitation to explain planetary motion.
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6. The 18" and 19t? centuries:
comets and asteroids as Solar
System objects and their interac-
tions with the Earth

With the successful prediction of the return of Halley’s comet, sci-
ence entered definitively in the era of Newtonian physics, and comets
found their place amongst the planetary bodies of the solar system.
The successful theories explaining cometary phenomena and mo-
tions were compiled in the books of the enlightenment, such as in the
article “comeétes” of the Encyclopédie® of Denis Diderot (1713-1784)
and Jean Le Rond dAlembert (1717-1783) or the exhaustive
cométographie ®® published by the astronomer Alexandre Pingré (1711-
1796).

Successive studies of comets were dedicated to understanding their
origin and properties. A large panel of possible theories were dis-
cussed at that time, ranging from the mechanistic theory of the ori-
gin of comets from planets and influencing planets by Whiston®?, to
theories related to the recently discovered field of electricity and
magnetism, where cometary tails are compared to the aurorae and
explained by electric discharges in the work of Hugh Hamilton (1729-
1805) 60, for example. Perhaps the theory of formation of the tails of
comets that resembles most closely the modern ones was the discus-
sion by Leonard Euler (1707-1783) of the phenomenon as a refraction
effect of the light through particles emitted by the comet’s head !,
Most cometary theories of the 18" century are described exhaust-
ively in Heidarzade, 2008.

Pierre Simon Laplace (1749-1827) was the first one to estimate the
mass of comets in his Traité de mécanique céleste using the close en-
counter of the comet D/1770 L1 (Lexell’s comet) with the Earth. He
writes:

Si I'on suppose que la masse m de la comete, égale a la masse m’ de la
terre, on trouve pour l'augmentation [delta]T’ de 'année sydérale,
[delta] T'=0"11612.

Nous sommes bien certains par toutes les observations, et surtout



How Comets and Asteroids Influenced Our Concept of “Solar System” from Antiquity to the 19th

Century

43

44

45

par les nombreuses comparaisons des observations de Maskeline,

que Delambre vient de faire pour construire ses tables du soleil, que

la comete de 1770 n’a pas altéré de 2”.8, 'année sydérale ainsi nous

pouvons étre slirs que sa masse n'est pas 1/5000 de celle de la

terre 2.
With their small masses, comets are thereafter considered not to be
able to perturb significantly the planetary motions of the solar sys-
tem. Another major concept that emerged from Laplace’s study of
cometary orbits was the nebular hypothesis for the origin of the solar
system, which he described in his Exposition du systéme du monde 3.
In this model, the comets are the unagglomerated remnants of the
material that formed the planets around the Sun, that he considered
to be the initial atmosphere of the Sun. This model of formation of
comets from the primordial protosolar nebula is still valid and ex-
plains why comets remain highly studied to this day.

Further work of the 19 century allowed significant advances in our
understanding of the material constituting the comets. Francois
Arago (1786-1853) was the first one to observe and detect polarization
from a cometary atmosphere (C/1819 N1) demonstrating that refrac-
ted light is part of the luminosity of comets 4. The Italian astronomer
Giovanni Battista Donati (1826-1873) pioneered the use of spectro-
scopy to study celestial objects and stars and was the first one to ob-
serve the light spectrum of a comet (C/1864 N1 Tempel). He noticed
that the cometary light presented emission lines indicating that part
of the light was being emitted by the comet itself%°. Spectroscopic
studies of comets and other celestial objects would then go on to
dominate the field of astronomical studies.

To add to the studies of comets, it is important to remember that the
scientific studies of the 19" century have seen the discovery of many
small bodies of the solar system in addition to the cometary objects
that were known at the time (illustrated in fig. 11).
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periodic comets at the end of the 19t" century ¢

(Public domain image from BnF, https://gallica.bnf.fr)

Indeed, the first asteroid, 1 Ceres, was discovered by Giuseppe Piazzi
(1746-1826) in 180157 This demonstrated the occurrence of small
planetary remnants located in a main belt of objects between the or-
bits of Mars and Jupiter. They were named asteroids as they were so
small, their appearance was similar to the point source of stars seen
in the telescopes. The number of known asteroids increased expo-
nentially with time and we now know more than 1 million asteroids
larger than 1km in size orbiting the Sun. The concept of a solar sys-
tem linking all planetary bodies gravitationally to the Sun
strengthened as the types and the numbers of planetary objects, all
orbiting the Sun, increased with time.

The last evolution in the ideas concerning the link between the small
bodies and the solar system are still being explored today, but started
to be mentioned in the 19™ century as well. It concerns the fact that
when so many small objects orbit the Sun, some of them may pass so
close to the Earth as to interact with it, or fall on it. The probability of
such an event was estimated to be negligibly small by Laplace 58,
However, two lines of evidence of interactions between the small
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bodies (comets and asteroids) and the Earth were discussed during
the 19™" century. The first one was the discovery that meteorites were
extra-terrestrial stones, as suggested by Ernst Chladni (1756-1827) 69
and demonstrated by Jean-Baptiste Biot (1774-1862), who studied the
strewn field of the fall of the Aigle meteorite in 1803 7°. This discovery
gave strength to the possibility that samples of extra-terrestrial bod-
ies of the solar system may be found on Earth after their impact, and
that small bodies regularly fall on Earth. The second one was the dis-
covery that the regular apparition of meteor showers could be linked
to the proximity of passages from comets. This would mean that the
particles ejected from the comets would fall on the Earth as it crosses
the cloud of dust left over by the cometary activity. Giovanni
Schiaparelli (1835-1910) presented the results of his studies and was
able to link the occurrence of the Leonids with the trajectory of
comet 3D/Biela, and also the Perseid meteor shower with the traject-
ory of comet 109P/Swift-Tuttle "L.Since then, it has been shown that
most meteor showers are associated with the activity of comets 7.

These last studies confirmed that solar system members interact not
only gravitationally but also by encountering one another over long
time scales.

7. Conclusions

In this essay, we have attempted to demonstrate that understanding
the origin of comets and their peculiar behaviours has been a major
motivation that shaped the early astronomical studies and our mod-
els of the planetary system through time. Indeed, any improvement of
an astronomical model on the previous ones had to take into account
these celestial transient phenomena, or remove them from consider-
ation, either by rejecting them to the world of terrestrial phenomena,
like Aristotle did, or by moving them outside of the realm of the plan-
etary motion, like Kepler assumed. In the end, their various trajector-
ies and the predicted return of Halley’s comet validated brilliantly the
advent of Newtonian mechanics in the 18" century, and were even a
strong statistical argument in favour of the nebular origin of the Solar
System as imagined by Laplace.

Finally it was admitted that celestial objects such as comets and as-
teroids could affect the Earth, by impacting it. The concept of objects
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orbiting the Sun as forming a single consistent system, named the
Solar System, was therefore a consequence of the link the comets
played in space by orbiting far and close to Sun, but also in time as
they are the most primitive remnants we know today of the initial
matter that condensed to form the planets from the protosolar neb-
ula 4.5 billion years ago. This fact motivates further detailed studies
of these objects in order to decipher the origin of the Solar System
and the Earth, such as was performed by the Rosetta space mission at
comet 67P/Churyumov-Gerasimenko as illustrated in fig. 12.

Fig. 12. lllustration of the exploration of comet 67P/Churyumov-Gerasimenko
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by the Rosetta space mission and the lander Philae in 2014-2016
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(European Space Agency)

In the end, astronomical studies of comets and asteroids through
time have demonstrated the close interactions that the members of
the Solar System may have and remind us, if it was at all necessary,
that the Earth remains a planetary body of the system, subject to the
same laws and vicissitudes as any other member of the Solar System.
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ABSTRACTS

English
This essay describes how the study of comets and asteroids through time
motivated the emergence of the concept of Solar System to describe all the
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bodies orbiting the Sun as a single consistent ensemble. Comets present
apparently unpredictable orbits with variations in brightness that lead an-
cient observers to consider them as meteorological rather than celestial
phenomena. As observations became more regular and more precise, espe-
cially with Tycho Brahe, astronomers realized comets moved amongst the
other planets around the Sun. As a consequence, cometary orbits needed to
be explained within a single framework encompassing the movements of all
planets and satellites around the Sun. This was achieved with the Newto-
nian mechanics and the successful prediction of the return of a comet by
Edmund Halley. The discovery of the asteroids in the 19" century further
strengthened the concept of “planetary system”, which has become a major
paradigm of modern planetary science.

Francais

Cet essai décrit comment 'étude des cometes et des astéroides au cours du
temps a motivé I'émergence du concept de Systeme Solaire pour décrire
I'ensemble des corps orbitant le Soleil au sein d'une unique entité. Les co-
metes présentent des trajectoires apparemment imprévisibles avec des va-
riations en forme et en intensité qui ont amené les anciens observateurs du
ciel a les considérer comme des phénomenes météorologiques plutot que
célestes. Au fur et a mesure que les observations se sont faites plus régu-
lieres et plus précises, notamment avec celles de Tycho Brahe, les astro-
nomes ont réalisé que les cometes se déplacaient parmi les planetes autour
du Soleil. En conséquence, les orbites cométaires avaient besoin d'étre ex-
plicables dans un systeme de pensée comprenant également les mouve-
ments des planetes et de leurs satellites autour du Soleil. Cela fut achevé
grace a 'avénement de la mécanique newtonienne et la prédiction avec suc-
ces du retour dune comete par Edmond Halley. La découverte de l'en-
semble des astéroides au xix® siecle renforcera cette notion de « systeme
planétaire » qui est devenue de nos jours un paradigme majeur des sciences
planétaires.
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