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Preface 

A century ago, at the height of what might be referred to as 
the "canal furor;' Camille Flammarion published the first volume 

of his great work, La Planete Mars) which summarized what was 

then known about the planet. In his preface he described how he 

hesitated between two methods of presenting the state of Martian 

knowledge-in special chapters dealing with topics such as conti­

nents, seas, polar caps, and so on; or chronologically, in the order 

in which the facts had been obtained. He at length decided on the 

latter approach, "mainly;' he wrote, "because it seemed to me to 

be the more interesting . . . and also because it provides a better 

account of the gradual development of our knowledge." So it has 
seemed to me, and I have done likewise. What follows, then, is a 

history of Martian exploration from the earliest stirrings of human 

curiosity about the planet right up to the present time when, after 

a lull of twenty years and after suffering through the disappoint­

ments of the Russian Phobos and American Mars Observer missions, 

we stand again poised on the verge of a more vigorous phase of ex­

ploration of the planet. 

I MUST here acknowledge the help I have had in preparing this 
volume. Dr. Richard McKim, director of the Mars Section of the 
British Astronomical Association, and Thomas Dobbins were gen­
erous in giving of their valuable time to read through the manu­
script, and they made many helpful comments. So did two anony­
mous reviewers for the University of Ariwna Press. Dr. Patrick 

Moore very kindly put at my disposal one of only four existing 

copies of his English translation of Flammarion's La Planete Mars, 
which has been indispensable, and granted me permission to quote 
from it and from his earlier translations of the works of E. M. Anto­

niadi. Drs. Audouin Dollfus and Henri Camichel provided much 
information about their own studies of Mars as well as about the 

work of other French pioneers-these were men who received the 

torch of the great Antoniadi. For help in tracking down material 
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on G. V. Schiaparelli, I am grateful to Signor Luigi Prestinenza; 
and for permission to use material from the Schiaparelli Archives, 
my thanks to Professor Guido Chin carini, director of the Osser­
vatorio Astronomico di Brera. Dieter Gerdes, curator of the Hei­

matverein Lilienthal, was a valuable source of information about 
J. H. Schroeter. The help of Michael Sims of the Special Collections 
of Vanderbilt University Archives, Dorothy Schaumberg of the 
Mary Lea Shane Archives of the Lick Observatory, and Judith Lola 
Bausch and Richard Dreiser of the Yerkes Observatory is acknowl­
edged. Though my interest in Mars began in my early youth (as 
has been the case for so many who have been fired with enthusiasm 

about the planet), my scholarly habits were greatly stimulated by 
my visit to Lowell Observatory in 1982. lowe much to the encour­
agement of the late William Graves Hoyt, historian, whose own 
researches on Percival Lowell resonate in this volume, and Arthur 

Hoag, director of the Lowell Observatory. Michael J. Crowe, of the 
University of Notre Dame, also encouraged my research at an early 
stage. A number of astronomers shared their observations and ob­
serving lore related to the red planet, especially Tom Cave, Tom 
Dobbins, Rodger Gordon, Walter Haas, Harold Hill, and Alan 
Lenham. Barry Di Gregorio scouted out information regarding the 
future spacecraft missions. Finally, I am grateful to Richard Baum 
for his inspiration over many years, and to my wife, Deborah, for 
helping me in more ways than I can name. 

(x) Preface 

WILLIAM SHEEHAN 

Hutchinson, Minnesota 

June 1995 







Motions of Mars 

For thousands of years it was only a blood-red dot among 

the starry host-a nameless denizen of the trackless night. Some­

times, when it veered closer to the Earth and shone like a burning 

coal in the darkness, it must have roused terror among primitive 

sky watchers, only to fade away into relative obscurity and be for­

gotten once more. By the time the Egyptians settled their civiliza­

tion along the banks of the Nile, it had become familiar enough 

to receive a name- Har decher, the Red One. The Babylonians re­

ferred to it as Nergal, the Star of Death, and the Greeks too asso­

ciated it with warfare and bloodshed-it was the Fiery One, or the 

war god, Ares-one and the same with the Roman god Mars. 
The Babylonians made careful astronomical observations and 

developed a sophisticated system of arithmetical computations for 
predicting astronomical phenomena such as eclipses. Their pur­
poses were strictly calendrical and religious, however, and they 

never attempted to explain the reasons for any of the movements 

they observed. Superstition was widespread, and many astronomi­

cal events were regarded as ominous-not just eclipses but even the 

risings of Venus were viewed as omens. 

It is among the early Greeks that we must look for the first stir­

rings of a more rational perspective. They identified Mars as one of 

the five "wandering" stars, or planets, which move relative to the 

"fixed" stars. Two of the planets-Mercury and Venus-always re­

main close to the Sun in the sky; their distances never exceed 28 ° 

and 47°, respectively, and they may pass between the Earth and the 



Sun (inferior conjunction) or behind the Sun (superior conjunc­

tion). This behavior, as we now know, is due to the fact that their 

orbits lie inside that of the Earth. 

The outer planets-Mars, Jupiter, and Saturn -can appear oppo­
site the Sun in the sky, a situation that is, of course, never possible 

for a planet that is closer to the Sun than the Earth. When planets 
appear thus, they are said to be at opposition. It is then that they 
attain their greatest brilliance. They rise when the Sun sets and set 
when the Sun rises, so they are highest above the horizon at mid­
night. 

Mars's usual motion among the stars is from east to west. Around 

the time of opposition, however, it suddenly stops, reverses di­
rection, and moves "retrograde" for a time, then stops again and 
resumes its usual motion from east to west. (Jupiter and Saturn 
do this as well, but because they move more slowly-and travel 
through smaller arcs-the movements are less obvious than in the 
case of Mars.) So baffling were these motions that Mars was the 

despair of the naked-eye astronomers. The Roman Pliny, who per­
ished while trying to observe (too closely) an eruption of Vesu­
vius in A.D. 79, called it "inobservabile sidus"; and at least one later 

astronomer who attempted to calculate the motions of Mars is said 
to have become deranged in his mind, and in a fit of rage to have 
bumped his head against the walls! 1 

After completing a loop, Mars resumes its westward drift relative 
to the fixed stars. Its light grows gradually weaker as it approaches 
and finally passes behind the Sun (into superior conjunction). It 
then emerges from the Sun into the morning sky and brightens 
again, until, after two years and two months, it comes once more 
into opposition and shines like a burning coal upon the night sky. 

THE ANCIENT Greeks took for granted that the Earth was the 

center of the universe. They also assumed that the planets moved 
uniformly in perfect circles. Unfortunately, uniform motion around 
simple circles did not account for the complicated movements the 
Greeks actually observed, and they faced the problem of "saving 
the phenomena" - showing how the observed movements could be 
reconciled with their principle of uniform circular motions. 

One ingenious scheme was introduced by Eudoxus of Cnidus, a 
mathematician and contemporary of Plato (indeed, he stayed two 
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months in Athens as a pupil at the Academy, though much of his 

life was spent in Egypt). In the fourth century B.C., Eudoxus de­
veloped his system of homocentric spheres, according to which the 
observed motion of a planet was produced by the independent mo­
tions of several internested spheres, each centered on the Earth. 
The scheme was able to account for the retrograde movements well 
enough, but it did not explain why, if the spheres shared a common 
center, the planets varied in their brightness-in the case of Mars, 
some fiftyfold. 

The most obvious explanation for the fluctuations in brightness 

was that the Earth was not the center of all the motions. By 250 B.C., 

Aristarchus of Samos, who at least from our modern perspective 
was the greatest of the ancient astronomers, worked out a complete 

heliocentric system in which all the planets circled the Sun. Aris­

tarchus regarded the Earth as an ordinary planet: it rotated on its 
axis once every twenty-four hours, and it traveled in a circular path 
around the Sun with a period of one year. With one bold stroke, 

he had solved the problem of the retrograde movements, which 
were now seen to be reflections of the Earth's orbital motion - they 
are apparent displacements as the planets are viewed from different 

points as the Earth pursues its course around the Sun. 
Unfortunately, Aristarchus was too far ahead of his time, and 

the later Greeks did not follow his lead. His theory did not account 
exactly for the observed motions, mainly because, as we now know, 

the orbits of the planets are not exactly circular, as Aristarchus as­
sumed. The most famous Greek astronomers who lived after him, 
including Apollonius and Hipparchus, returned to the geocentric 
system. 

In their hands the infamous system of epicycles took shape. 
The system received its greatest elaboration through the efforts of 
Claudius Ptolemy, who lived at Alexandria in the second century 
A.D. and worked it out in detail in his great book The Almagest (The 

greatest)-thus, the system of epicycles is more commonly known 
as the Ptolemaic system. Each planet was taken to move around 
a small circle known as an epicycle, which in turn moved around 
a larger circle (the deferent) centered on the Earth. The combined 
motion of its epicycle and deferent caused each planet to swing in 

near the Earth at times, thus producing the retrograde movements. 
Even apart from the retrograde movements, the planets had a vari-
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able motion along the Zodiac; thus Ptolemy made their deferents 

slightly eccentric to the Earth. Even this did not account for the 
planets' movements, however, so Ptolemy took still greater liber­

ties. He found a point, the punctum aequansJ from which the planet's 

motion around the deferent would appear uniform-it was located 

a short distance from the center in the opposite direction from the 

Earth (a construction known as the "bisection of the eccentricity"). 
In practical terms, this involved abandoning the principle of uni­

form circular motions altogether, but it was brilliantly successful as 

a device for calculating the observed motions of the planets. 

Ptolemy'S system, despite its artificiality, remained the last word 

in astronomy for a thousand years. Although the Dark Ages fell 

on western Europe, putting an end to astronomical investigations 
there, astronomy was not completely snuffed out. In the East, 

in Baghdad, Arab scientists continued to observe the stars, and 

they also attempted to make minor adjustments in the Ptolemaic 

theory. Only with the revival of learning in Europe, however, was 

real progress made. The all-important step was taken by Nicolaus 
Copernicus, a Polish canon at the Cathedral of Frauenburg. Seven­
teen centuries after the scheme first occurred to the far-sighted 

Aristarchus, Copernicus reintroduced the heliocentric system. The 

Sun rather than the Earth was the center of the system, and once 
again the fact emerged-especially evident in the case of Mars­
that the retrograde movements were mere reflections of the Earth's 

own motion in its orbit. "This happens," wrote Copernicus, "by 
reason of the motion, not of the planet, but of the earth chang­
ing its position in its great circle. For since the earth moves more 
rapidly than the planet, the line of sight directed toward the firma­
ment regresses, and the earth more than neutralizes the motion of 

the planet .... The inequality attains its maximum for each planet 

when the line of Sight to the planet is tangent to the circumference 

of the great circle." 2 

Unfortunately, like Aristarchus's successors Copernicus found 

that his hypothesis of simple circular orbits around the Sun did 

not agree exactly with the observed movements of the planets, and 

he too was forced to introduce complications, including bringing 

back the cumbersome eccentric circles and epicycles, although in 

all fairness it must be admitted that he reduced their number. He 
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was also guilty of some surprising inconsistencies. Since the appar­

ent motion of the Sun - actually a reflection of the Earth's orbital 

motion-is variable during the year, it is convenient to introduce 

the concept of the mean Sun, whose position is defined by the 

average rate of the Sun's annual motion. Copernicus referred the 

planetary motions to the mean Sun rather than to the true Sun, and 
this forced him to assume that the Earth's orbit had a variable in­
clination. Despite these shortcomings, he had grasped the essential 
point; his great book De Rcvolutionibus Orbium Caelestium (On the 
revolutions of the celestial spheres) is one of the immortal works of 
science. It appeared in 1543, the year of his death - it is said that the 
first copies reached him on his deathbed. 

Copernicus's work did not find immediate acceptance. The fierc­
est resistance came from theologians, but many astronomers were 
also opposed to his views, including Tycho Brahe, the greatest 
astronomer of the generation that came after Copernicus's death. 

Tycho was an entirely different sort of man from Copernicus. 
Whereas Copernicus was a theorist first and foremost and made 
only a few of his own observations, Tycho was mainly an observer­
one of the greatest who ever lived.3 

He was born in 1546, three years after Copernicus died. He was 
adopted at birth by a well-to-do uncle, who destined him for a 
career in statecraft and sent him at age sixteen to the University of 
Copenhagen to study law. While there, on August 21, 1560, Tycho 
witnessed a partial eclipse of the Sun, and it changed the direction of 
his life. The date of the eclipse had been predicted by astronomers, 
and Tycho, as his early biographer Pierre Gassendi wrote, "thought 
of it as divine that men could know the motions of the stars so 
accurately that they could long before foretell their places and rela­
tive positions." Before long, he had obtained a copy of Ptolemy'S 
Almagest and worked through it. His uncle disapproved of these 
studies and sent him away from Denmark, entering him instead at 
the University of Leipzig with a tutor named Vedel to look after 
him. Fortunately, the move was to no avail; Tycho was nothing 
if not strong-willed. He studied law during the day, and at night, 
while Vedel slept, stole out to view the stars. 

By now Tycho had realized that astronomical tables were not as 
accurate as he had at first supposed, and also that their reform de-
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pended on obtaining more accurate observations. This is what he 

resolved to do. Not long afterward, his uncle died, and there was 

no longer anything standing in his way. 
From Leipzig, Tycho went to the University of Rostock. Dur­

ing his time there he became engaged in a heated argument with 
a colleague over a mathematical point. They decided to settle their 
dispute by fighting a duel, which ended with Tycho haVing part of 
his nose cut off (he promptly replaced it with a new one made of 
copper and wax). From Rostock he went to the University of Basel, 
then finally returned to Denmark and established a private observa­
tory at Herre Vad, on the estate of another well-to-do uncle. 

At Herre Vad, Tycho observed a brilliant new star, or nova, which 
appeared in the constellation Cassiopeia in 1572. It remained con­
spicuous for a time, then began to fade, but during the period when 
it was visible Tycho was able to show that it was exceedingly re­
mote: to all intents and purposes, it was located in the sphere of the 
"fixed" stars. The book he wrote about the star made him famous, 
and soon after it was published he received from King Frederik II 
of Denmark an offer he could not refuse. Frederik granted Tycho 
the use and revenues of Hven, an island in the Baltic between Elsi­
nore and Copenhagen. Tycho accepted, and in 1576 set up the most 
splendid observatory in Europe. The instruments there were the 
best of their day, though needless to say, all were meant to be used 
for naked-eye observations because the telescope had not yet been 
invented. 

For the next twenty years, Tycho worked at compiling a star cata­
log whose positions could be trusted to within two or three minutes 
of arc, and built up an extensive archive of careful observations of 
the planets, including Mars, which he observed at every opposition 
beginning with that of 1580. In 1583, he noted that near opposition 
Mars moved retrograde at a rate of nearly half a degree a day; this 
proved that Mars could approach much closer to the Earth than the 
Sun, which was true in the Copernican system but not the Ptole­
maic. Nevertheless, Tycho was still not entirely satisfied with the 
ideas of Copernicus. He adopted a compromise position, known 
as the Tychonic system, in which the Earth remained at the cen­
ter; the planets went around the Sun, while the Sun in turn circled 
the Earth. 

It is often said that Tycho was an ill-tempered, quarrelsome man. 
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Unfortunately, this seems actually to have been the case; and he 
was also an imperious landlord - he was intensely disliked by nearly 
everyone on the island, and after Frederik's death the Danish court 
saw fit to cut off his funds. In 1596, Tycho left Hven, taking along 
with him his observations as well as the more portable of his in­
struments. He went first to Germany, and then, at the invitation 
of the Emperor Rudolph II of the Holy Roman Empire, settled 
at Prague, in Bohemia. The terrible religiOUS wars between Protes­
tants and Catholics were then in full swing, and in 1600 Tycho was 
joined by a young Protestant mathematician, Johannes Kepler, who 
had been expelled from his position as mathematician at Graz, Aus­
tria, because his religion differed from that of the Catholic Arch­
duke Ferdinand. At that particular time, Tycho and another assis­
tant, Christian Severinus (or Longomontanus, as he styled himself), 
were working on the theory of the motion of Mars, and Kepler was 
assigned to the same monumental task. Kepler later remarked that 
"had Christian been occupied with some other planet, I would have 
been started on the same one."4 

Tycho, who was touchy and jealous of his observations, gave 
Kepler limited access to his records, and their relationship was un­
doubtedly strained at times. Miraculously, they managed to avoid 
a complete break, and on October 24, 1601, Tycho died suddenly, 
of a bladder ailment. (His last words were, "Let me not seem to 
have lived in vain:') Kepler was appointed to succeed him, and 
Tycho's instruments and hoard of observations fell into his hands. 
At last able to work freely, Kepler returned with a will to his studies 
of Mars. 

Unlike Tycho, Kepler had always been a confirmed Copernican. 
But where Copernicus had taken the mean Sun rather than the true 
Sun as the center of the planetary motions, Kepler at once corrected 
him by making the plane of the Earth's orbit pass through the true 
Sun. He was rewarded for his consistency with the discovery that 
the orbit of Mars was inclined to the Earth's by a constant angle of 
1° 50' (rather than by the variable angle Copernicus had been forced 
to introduce), whereupon Kepler exclaimed, "Copernicus did not 
know his own riches!" He next attempted to recalculate the orbit 
of Mars by referring it, too, to the true Sun. He began by assum­
ing that the planet's orbit was circular but that the speed along this 
circle was variable. Using Tycho's observations of Mars from 1587, 
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1591, 1593, and 1595, he struggled to empirically locate a punctum 

aequans. After numerous trials, he almost succeeded; he produced 
a theory in which the discrepancy with Tycho's observations was 
never more than eight minutes of arc at any point around the orbit. 

This would have satisfied most men, but Kepler had supreme con­
fidence in Tycho's observations, and he rejected this first theory, 
which he henceforth referred to as his "vicarious hypothesis." 

Kepler was not greatly disappointed, since he had never cared for 
the concept of a punctum aequans. Thinking in physical terms, he 
could not understand why the motion of a planet should take place 

with respect to an empty mathematical point. Instead, he believed 

that the planets moved owing to a force emanating from the Sun. 
This was only reasonable; after all, their velocity was greatest when 
they were nearest the Sun and slowest when they were farthest away 

from it. More precisely, Kepler showed that the radius vector (the 
line connecting the planet to the Sun) sweeps out equal areas in 
equal times. This concept has become known as Kepler's second law 

of planetary motion, though it was actually the first he discovered. 
This discovery greatly simplified his calculations, but his main 

goal-the shape ofthe Martian orbit-still eluded him. After aban­

doning the vicarious hypothesis, he resolved to attempt to trace the 
shape of the orbit without any preconception as to what that might 
be. His first task was to reexamine the Earth's own motion around 
the Sun. By considering two of Tycho's observations of Mars in 

which the planet had been at the same place, but regarding them 
from the point of view of an observer on Mars rather than Earth, 
Kepler was able to show that Earth's orbit was as eccentric as those 
of the other planets. With this information at his command, he con­
structed tables giving exact distances and longitudes of the Sun, and 
then, finally, worked out the Mars-Sun distances. Since Mars takes 
687 days to orbit the Sun, it will, if measured on two dates 687 days 

apart, have returned to the same point in its orbit; but the Earth, 

which completes each revolution in 365.26 days, will be at two dif­
ferent positions for the measurements. If one knows the angle that 
Mars makes relative to the Sun at these two points, one can define 
the Sun-Mars distance in terms of the Sun-Earth distance. 

In this way Kepler was able to calculate the distance of Mars 

from the Sun at various points in its orbit. Each time, he found that 
the distance was less than it would have been had the orbit been 
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circular. This suggested that the orbit was an oval of some kind. In 

order to simplify his calculations, he began to use the more trac­

table ellipse as an auxiliary device, on one occasion even writing 

to his friend, the able observer David Fabricius, that if the orbit 

actually were an ellipse, the mathematical problem would already 

have been solved by Archimedes and Apollonius. At the moment 
he could take the matter no further. His efforts were heroic, and 
at times he came close to ruining his health. Indeed, he became so 
worn out that he decided to take off a whole year, 1603, and seek 
relaxation in researches into optics. 

On returning to the "war with Mars" in early 1604, Kepler de­
cided to use Tycho's observations to plot the planet's position in 
its orbit at twenty-two different points. When he did so, he found 
that all the points fell within the eccentric circle of the vicarious hy­
pothesis and left a crescent, or lune, on each side between the orbit 
and the circle itself. He was still thinking that the shape of the orbit 
had to be an oval of some sort. He noticed that, relative to a circular 
orbit of radius I, the distance to the lune at its greatest breadth mea­
sured 1.00429. To the casual reader this means nothing, but Kepler 
had agonized over the orbit of Mars for six years. In his calculations 
using his areal law, he had made frequent use of the so-called opti­
cal equation of Mars, which gives the angle between the Sun and 
the center of Mars's orbit as seen from the Earth; at this moment he 
happened to notice (by sheer chance, he said, but his mind had been 
well prepared) that for the maximum value of this angle, 5° 18', the 
ratio known as the secant is equal to 1.00429. This was the break­
through he had needed. "I awoke as from a sleep:' he exclaimed, 
"a new light broke upon me." He now grasped the relationship be­
tween the center of Mars's orbit and the distance of Mars from the 
Sun at the lune's widest point, and assumed that this relationship 
must hold true for any point in the orbit. After a few more trials, 
he came to his great discovery: the equation that correctly describes 
the orbit of Mars is that of an ellipse, with the Sun at one focus. 

Kepler realized that what held true for Mars must hold true for 
the other planets: they too must follow elliptical paths. But he also 
had been fortunate; had he worked on the motions of any other 
planet, he would never have made this discovery. Apart from Mer­
cury, which is difficult to observe because of its proximity to the 
Sun, Mars has the most eccentric orbit of the planets known dur-
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ing Kepler's time. Had he begun, say, with the motion of Venus, 

whose orbit is nearly circular, the solution would doubtless have 

remained beyond his grasp. Thus Kepler saw it as nothing less than 

providential that when he had joined Tycho in Prague, Longomon­

tanus had been working on Mars. "In order to be able to arrive at 

understanding;' he wrote, "it was absolutely necessary to take the 

motion of Mars as the basis, otherwise these secrets would have re­

mained eternally hidden." 5 

Kepler had discovered his first two laws of planetary motion 

by 1605, and had also finished his great book, New Astronomy . .. 
Commentaries on the Motions of Mars.6 To Emperor Rudolph he an­

nounced in a fittingly martial metaphor the triumph to which he 
had been led by his unfailing faith in Tycho's observations and his 
own relentless efforts: 

I bring to Your Majesty a noble prisoner whom I have captured 
in the difficult and wearisome war entered upon under Your aus­

pices .... Hitherto, no one had more completely got the better 

of human inventions; in vain did astroqomers prepare every­
thing for the battle; in vain did they draw upon all their resources 

and put all their troops in the field. Mars, making game of their 
efforts, destroyed their machines and ruined their experiments; 
unperturbed, he took refuge in the impenetrable secrecy of his 
empire, and concealed his masterly progress from the pursuits of 

the enemy .... 
For my part, I must, above all, praise the activity and devotion 

of the valiant captain Tycho Brahe, who, under the auspices of 
Frederik and Christian, sovereigns of Denmark, and then under 
the auspices of Your Majesty, every night throughout twenty 

successive years studied almost without respite all the habits of 

the enemy, exposing the plans of his campaign and discovering 

the mysteries of his progress. The observations, which he be­

queathed to me, have greatly helped to banish the vague and 

indefinite fear that one experiences when first confronted by an 

unknown enemy? 

Kepler hoped to win support from Rudolph to extend his in­

vestigations to the other planets. Rudolph was chronically short of 

funds, however, and did not have enough money to fight all his 

battles on Earth, let alone among the stars; even the money to pub-
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lish Kepler's book on Mars was not immediately forthcoming, and 
its appearance was delayed until 1609. 

The rest of Kepler's life was full of trials. His salary was con­
tinually in arrears, his first wife suffered from epileptic seizures and 
finally died, and his three children succumbed to smallpox. By 1612 

Prague itself had become a battleground, and Kepler fled to Linz, 
in Austria. In spite of it all, Kepler continued his laborious calcu­
lations, and in 16I9 announced the discovery of his third law of 
planetary motion - the so-called harmonic law: "The square of the 
period of revolution is proportional to the cube of the mean dis­
tance from the Sun." 

The importance of this law is that it holds the key to the scale 
of the solar system. The relative distances of the planets from the 
Sun can be determined from their periods. If the periods are ex­
pressed in Earth years, the distances follow immediately in terms of 
the Earth-Sun distance (which equals I astronomical unit, or I a.u.; 
thus for Mars, which has a period of I.88I Earth years and lies at a 
mean distance from the Sun of 1.524 a.u., 1.88I2 = 1.5243 = 3.538). 

In 1626, Linz came under siege and Kepler was forced to flee 
again. Eventually he found refuge at the court of the general-in­
chief of the armies of the Holy Roman Empire, Albrecht von 
Wallenstein, at his newly formed duchy of Sagan, in Silesia. A year 
later, Kepler published his long-awaited tables of planetary motion, 
the Rmiolphine Tables, named for his former patron, who had died 
in I6I2. But chronic financial worries and overwork were beginning 
to tell on him. Finally, in October I630, he set out on a trip from 
Sagan to Regensburg, where he hoped to confer with the emperor 
about yet another residence, but the trip proved too much for him, 
and after a short illness he died on November IS, 1630. 

KEPLER'S LAWS contain essential facts about the planetary mo­
tions. However, they were empirically derived from Tycho Brahe's 
observations. It was not until later that Isaac Newton, in his ma­
jestic Principia of 1687, was able to derive them from a physi­
cal theory - his principle of universal gravitation. According to 
Newton, every body in the universe attracts every other body with 
a force that is proportional to the amount of matter (mass) each 
contains and to the inverse square of the distance between them. 
In the simple two-body case, such as a planet orbiting the Sun or a 
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satellite orbiting its primary planet, the motion of the one around 
the other is essentially a Keplerian ellipse; but of course matters are 
not so simple-every planet disturbs the motion of every other, so 
that when one gets down to the details the actual motions are very 

complicated. 
Mars's motions are now well known. The elliptical path in which 

it moves is such that its distance from the Sun varies from 206.5 mil­
lion kilometers at its closest (perihelion) to 249.1 million kilometers 

at its farthest (aphelion). The mean distance is 227.9 million kilo­

meters. The planet completes each revolution in about 687 days-
686.98 days to be exact. 

Because of the gravitational pull of the Sun and planets on the 

tidal bulge in the equator of Mars, its orbit gradually changes over 
time; the position of its perihelion slowly rotates in space, and the 
shape of its ellipse is also variable-the current value of the eccen­

tricity is 0.093 (compared with 0.017 for the Earth), but over a 

period of two million years it ranges between 0.00 and 0.13. I shall 

have more to say about the consequences of these orbital varia­
tions later. 

At opposition, Mars and the Earth lie on the same side of their 
orbits from the Sun, and the two planets make their closest ap­

proaches to one another (because of the slight tilt of Mars's orbit 
relative to that of the Earth, the closest approach of the planet 
may actually occur as much as ten days from opposition). Since the 
Earth completes each orbit around the Sun in 365.26 days and Mars 
in 686.98 days, the Earth will overtake and pass Mars on an aver­
age of once every 779.74 days (this is known as the synodic period; 
the actual interval between oppositions may, however, be as little 
as 764 days and as much as 810 days). 

If the meeting occurs when Mars is near perihelion, the distance 

of approach will be only 35 million miles (56 million km); if it 
occurs when Mars is near aphelion, the distance will be more than 

61 million miles (100 million km). Since the time between oppo­

sitions is longer than the Martian year, successive oppositions are 
displaced around the orbit of Mars-hence the perihelic opposi­

tions are separated from one another by an interval of fifteen or 

seventeen years (see appendixes I and 2). The last perihelic opposi­
tion was on September 28, 1988, when the minimum distance was 

36,545,600 miles (58,812,900 km); the next will be on August 28, 
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2003, when Mars will make a closer approach to the Earth than 

at any time in the last several thousand years-it will come within 

34,645,500 miles (55,756,600 km). 
The orientation of the Martian orbit in space is such that the 

longitude of its perihelion currently lies at 336.060, that is, in the di­
rection of the constellation Aquarius. The Earth passes this point in 

space in late August each year, and thus perihelic oppositions always 
occur in August or September, when Mars is either in Aquarius 

itself or in nearby Capricorn. The planet then lies well to the south 
of the celestial equator, so that these oppositions are best observed 

from southerly latitudes. The reverse is true of the aphelic oppo­

sitions, which occur around the time the Earth passes the Martian 

aphelion (in Leo) in late February-these are best seen from the 

Northern Hemisphere. The difference in the size of Mars is signifi­

cant; the apparent diameter of the disk ranges from 25.1" at the 

perihelic oppositions to only 13.8" at the aphelic ones. It follows 

that the perihelic oppositions-I877, 1892, 1909, 1924, 1939, 1956, 
1971,1988, etc. -represent the most favorable opportunities for the 

study of the planet, and these have generally been banner years in 
the history of Martian exploration. 

THOUGH THE motions of Mars were worked out accurately by 
Kepler, nothing had yet been learned about Mars itself - a telescope 

was needed for that. Bya strange coincidence, in 1609, the same year 

Kepler published his Commentaries on the Motions of Mars, the first 
telescopes were turned toward the sky. For the first time astrono­
mers could begin to ponder not only how the planets moved but 
also what kind of worlds they were. A new era of Martian research 
had begun. 
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Pioneers 

In 1609, after hearing reports from Holland of an invention by 
means of which "visible objects, though very distant from the eye 
of the observer, were seen distinctly as if nearby;' Galileo Galilei, a 

professor of mathematics at the University of Padua in the Republic 
of Venice, was able to work out the principles of the invention for 
himself. He arranged two spectacle lenses in a lead tube to produce 
a crude telescope that magnified distant objects by a factor of 3 x, 

and by August 1609 had managed to put together an instrument 
that magnified 8x or lOX, which he was showing off to the senators 
and other notables from atop the highest campaniles in Venice. 

At first Galileo seems to have been interested mainly in the 
potential commercial applications of the new instrument. Not until 
November 1609, with a new telescope magnifying 20X, did he at­
tempt a celestial application. On the evening of November 30, 1609, 

he turned this telescope toward the four-day-old Moon and saw 

that the lunar surface was rough and uneven, full of great cavities 

and mountains. By January 1610, he had made the first observa­
tions of the satellites of Jupiter, and also had shown that Venus 

could assume the crescent shape-something that was possible in 
the Copernican theory but not the Ptolemaic. He announced these 
discoveries in a lively little book, Sidereus Nuncius (Starry messen­

ger), which he wrote at white heat and published in March 1610.1 

Meanwhile, he had turned his telescope for the first time to Mars, 

which was then near the Sun and at almost its greatest distance from 

the Earth. 
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Ever since 1597, Galileo had been a confirmed Copernican. 
Copernicus had shown that Mars must move around the Sun out­
side the orbit of the Earth. That being the case, it could not show a 
crescent phase as Venus does, but it could have a gibbous phase­
and indeed, the maximum phase, 47°, occurs when Earth is at its 
greatest angular distance from the Sun as seen from Mars. The 
planet then appears roughly like the Moon three or four days from 
full. Throughout r6ro Galileo examined Mars carefully with his 
small telescope, hoping to make out a phase. Though the disk was 
barely visible and the results remained inconclusive, he wrote ten­
tatively to Father Benedetto Castelli, one of his former pupils, on 
December 30, 16ro: "I ought not to claim that I can see the phases 
of Mars; however, unless I am deceiving myself, I believe I have 
already seen that it is not perfectly round." 2 

By then, Galileo had made yet another discovery, which he an­
nounced in anagram form to his correspondents, who included the 
Jesuit fathers at the Collegio Romano in Rome and Johannes Kepler 
in Prague. The anagram consisted of the following letters: 

sm ai s m rm i 1m e poet aleumi bune n ugtt a ui ras 

Earlier, Kepler had congratulated Galileo on his discovery of the 
Jovian satellites: "I am so far from disbelieving in the discovery ... 
that I long for a telescope, to anticipate you, if possible, in dis­
covering two around Mars (as the proportion seems to require), six 

or eight around Saturn, and perhaps one each around Mercury and 
Venus."3 He assumed that Galileo's latest discovery had to do with 
Mars and transposed the letters to read 

Salue umbistineum geminatum Martia proles. 

Hail, twin companionship, children of Mars.4 

But Kepler misconstrued the message; in fact, Galileo's anagram 
concerned Saturn and was correctly rearranged as 

Altissimum planetam tergeminum observavi.5 

I have observed the most distant planet to have a triple form. 

It was, in fact, the announcement of an astronomical enigma 
that would take half a century to solve. The triple form was actually 
Galileo's imperfect view of what was later shown to be the ring sys­
tem of Saturn. Nevertheless, Kepler's two satellites of Mars would 
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live on. His account may have inspired the later fancies of Jonathan 
Swift and Voltaire; and indeed, as we now know, the planet actu­
ally does have two satellites, though Kepler had no way of knowing 
this and merely made a lucky guess. 

IN THE 20x instrument that Galileo used to make his first astro­
nomical discoveries, Mars, even when closest to the Earth, would 
appear about the same size as a pea held at a distance of 8 feet 
(2.4 m). This and other early telescopes used a simple convex lens 
as the objective and a concave lens as the eyepiece, and had an 
inconveniently small field of view even at low power. Moreover, 
they suffered badly from spherical and chromatic aberrations. When 
light passes through a lens of spherical curvature, the rays near the 
periphery tend to focus at a point closer to the lens than those 
near the center-thus the image can never be brought into sharp 
focus. This is spherical aberration. Chromatic aberration occurs be­
cause light passing through the lens is broken into all the colors 
of the spectrum, and the different colors come to a focus at differ­
ent points. This produces prismatic splendors around bright objects 
such as the Moon or Venus. Both types of aberrations are more 
noticeable in the light that passes through the outer parts of the 
lens. For this reason-and also because his lenses were by no means 
accurately figured - Galileo resorted to using cardboard rings in 
front of the object glasses so that the light would pass through only 
the central part of the lens, where the figure was most uniform. 

Others attempted to improve the telescope and rid it of these 
faults. There was tremendous enthusiasm at the time, and many 
hoped to emulate Galileo's discoveries. As early as 16n, Kepler, in 
his Dioptrice, had proposed using a convex instead of a concave lens 
for the eyepiece. This is the basic idea of what became known as 
the astronomical telescope (as opposed to the Galilean, or Dutch, 
telescope). The field of view is much larger in the astronomical tele­
scope, and although the image is inverted, this is of little importance 
in astronomical observations; in any case, that can be rectified by 
adding another lens. Unfortunately, Kepler did not actually attempt 
to build such a telescope, and his ideas remained little known. Ap­
parently, the first person to actually use an astronomical telescope 
was a Jesuit astronomer named Christoph Scheiner, in 1617; other 
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