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Preface

I hope you like this story. The discoveries of Uranus, Neptune, and Pluto
were among the first sagas I encountered when 1 began to read about
astronomy. They stuck fast to my sense of drama and irony and I wanted
someday to retell them, ideally with the power with which they struck me.

Now might be an appropriate time to try. NASA's Voyager 2 spacecraft,
having succeeded magnificently at Jupiter, Saturn, and Uranus, has just
completed its 12-year Grand Tour of the giant outer planets by an en-
counter with Neptune in August 1989. The great legacy of Voyager 2 data
from Neptune has just begun to be evaluated.

And although no spacecraft is planned to visit Pluto, Pluto has come
part way to visit us. From 1979 to 1999 it is closer to the Sun than Nep-
tune. In 1989 it was closer to us than at any other time in its 248-year
orbit. At the same time, Pluto and its moon Charon were engaged in a
rare frenzy of mutual eclipses. Pluto's closeness and eclipses are allow-
ing astronomers to extract from the ninth planet more information than
ever before possible.

It used to be that Uranus, Neptune, and Pluto each received a vague
paragraph in astronomy textbooks. Not much of interest. Not much was
known. Now each is a world surrounded by worlds with unique and
fascinating stories to tell us about their evolution and, because they have
been less changed by the Sun, about the formation of the solar system
itself. These geologic worlds have stories as worthy of recounting as their
discoveries.

Thus, in part, this book is a progress report—a way to know what is
known and suspected so that we can better appreciate what is being
discovered.

Here is a history of long-ago events; here are modern events that are
shaping history.

In these pages are striking personalities and high drama; profound con-
firmations of universal scientific laws; human arrogance and stupidity;
intellectual courage and perseverance; triumph, humor, irony, and
tragedy. Here are scientific discoveries as they were made and modern
scientific research as it bounds and staggers forward with uncertainty
and brilliance.
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‘The Discovery
of Uranus

+ jt was that night its turn to be discovered.”
William Herschel describing his discovery of Uranus

« .. very different from any comet I ever read any

description of or saw.”
Nevil Maskelyne, Astronomer Royal. April 1781

On March 13, 1781, amateur astronomer William Herschel discovered
a new planet. It was completely unexpected.

For as long as anyone could remember, for the thousands of years of
recorded history, the solar system ended at Saturn. Mercury, Venus, Mars,
Jupiter, Saturn, the Sun, and the Moon slowly shifted their positions
against the background stars. That was why the Greeks had named these
objects planétes asteres—"wandering stars." The telescope, invented early
in the seventeenth century, showed some previously invisible features
and moons of the known planets. But still no one suspected that planets
lay beyond Saturn.

That's why it came as such a surprise to Herschel when he saw a small
disk in his telescope on the evening of Tuesday, March 13, 1781. The
quality of his eyes and his instrument told him that this was not one of
the "fixed stars.” When he checked this location between the horns of
Taurus and one foot of Gemini on his charts, they did not show a star.
Four nights later, when the weather again made observations possible,
Herschel saw that his strange object had moved slightly among the stars.
Celestial bodies that behaved like this were discovered from time to time.
They were called comets. So Herschel published an announcement of
this comet, although he noted it was unusual in that it had no tail and
showed a distinct rather than a fuzzy disk.

So the actual discovery of this new planet was an accident. That it hap-
pened to Herschel was no accident at all.

CHAPTER 1

William Herschel at the
age of 46 (1784), three
years after his
discovery of Uranus
(from a crayon copy of
an oil painting by L. T.
Abbott in the National
Portrait Gallery,
London)

Courtesy of Special Collec-
tions, San Diego State
University Library

1
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Resourcefulness

William Herschel was born on November 15, 1738, as Friederich Wj h
Herschel in Hanover, Germany, the third surviving child of an ohg
in the Hanoverian Guards military band. Isaac, the father, saw to it§
all four of his sons and, when his wife, Anna, wasn't looking, both
daughters not only received excellent musical training but partook
his interest in scientific and cultural matters as well.
William was recognized early as a fine musician. He was admitteq
an oboist and violinist to his father's band at age 14.
In 1756, at the onset of the Seven Years' War, the Hanoverian
including the band—father Isaac, older brother Jacob, and William
them—were posted to England for about nine months. Prussia and A
were the principal adversaries in this war. France allied itself with A
so Great Britain, France's worldwide rival in the quest for colonies,
with Prussia.
As a French attack on Hanover became more likely, the Hanoy
Guards were called home. The band was needed for combat duty
vide the patriotic inspiration and the disciplined beat that enco
soldiers into battle. William was present on July 26, 1757, duri ;
disastrous Battle of Hastenbeck. The Hanoverian forces were rou
William escaped from the battlefield and rejoined his shattered unit
the danger, confusion, and the long forced marches in the day
convinced him that he was not cut out for army life. His father
and arranged for his discharge from the band.! William and his
brother Jacob escaped just in time. The retreating Hanoverian G
were finally trapped and forced to surrender in September. For th
two years, while they occupied Hanover, the French held the
captive—band and all—in a military encampment. Isaac was essentia
lost to his family for that period and never recovered his health, |
Late in 1757, William, at the age of 19, and his brother Jacob left G
many for England. There William copied music while Jacob gave les
and performed as opportunities permitted. Two years later, upon
defeat of the French, Jacob returned to a musical career in Gern
William stayed on in England. He gave music lessons to the Dur
Militia band for two years and then became an itinerant musician,
forming in concerts, teaching, and composing in the style of Hay:
anglicized his name to William. By 1762 he was doing so well
could send money home to help support his family. But this k
musical career was too precarious. He sought more secure emplo
Organs were just being installed in English churches, and organist
directors were needed. There was one obstacle: William had never p!
the organ. He began to practice wherever possible, and then he a
for the post of church organist in Halifax. The competition was sti j

cluding
on a stra
as contin
the organ
and my’

::;rs mother to allow his sister to return with him to England by providing

The Discovery of Uranus

one applicant with extremely agile fingering. William decided

em. English organs did not yet have pedals for bass notes,
t:ngtal organs did. So, unseen, William placed lead weights on
keyboard, thus achieving a fullness of sound that impress:?d
stified the judges.’ William won the position, but he sta‘yed in
ifax only three months. Late in 1766 he was appointed organist and

i ity of Bath. Music
. director for the Octagon Chapel in the resm-.t c1ty o
Ch‘:;:nd:srﬂocked to him because of his skill and amiability, and he found
ﬁ;seif giving as many as 46 lessons a week. With two full-time jobs,
he was now earning a good living.

In 1767 William's father died, and his musically talented younger sister

Caroline found herself trapped as cook, seamstress, and cleaning woman

her family. William tried to extricate her. In 1772 he finally persuaded

enough money so that his mother could hire a servant to replace Caroline.
Caroline was forever grateful.

She went from managing one household to managing anothe:r that was
even more demanding. But now she was happy. She was studying music.
Then, in 1773, William plunged into the hobby of astronomy. It began
as an effort to improve his musicianship. To help himself understand har-
monics, he studied mathematics. After spending 14 to 16 hours a day
with music, he would relax at night by solving calculus problems. Math
got him interested in optics. Optics got him interested in astronomy. He
bought some lenses and assembled a telescope to view the heavens but
was very disappointed. He wanted to see more and realized that a larger
instrument would be required. But in his day, refracting telescopes were
small because the lenses caused colored haloes to appear around every
star.? The bigger and thicker the objective lens, the worse the problem
was. The less the lens curvature, the less the problem of chromatic aber-
ration but the longer the telescope became. Herschel fashioned one 30
feet in length and abandoned it as unwieldy.

So he turned to reflecting telescopes. The large light-gathering lens for
arefracting telescope has to be ground on both sides and needs a perfect
interior as well, whereas the mirror for a reflecting telescope requires
the polishing of only one surface. In fact, the mirror for a reflecting
telescope need not be made of glass. Perhaps, thought Herschel, he
himself could fashion a decent-size mirror with acceptable reflective
qualities in order to collect more light. He experimented with metal alloys
until he found one good enough to serve as the mirror of a reflector. His
younger brother Alexander, a cellist, had joined him at Bath in 1766, and
brother Jacob had returned for a visit to enjoy the musical opportunities
that William could arrange. Alexander assisted with the new project, con-
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tributing his valuable engineering skills. Caroline also joined in faithg
partaking in every aspect of the work, despite the shambles it
their house. During the day, Herschel's home was a school of mu
denly, it was a telescope factory as well. During the night, it

observatory.

THE HERSCHEL SCHOOL OF MUSIC AND TELESCOPE FACTORY

To make a telescope satisfactory to him, Herschel
needed to craft a better instrument than had vyet
been made. He wanted to make a large telescope,
so he rejected the Galilean type of refractor, which
used a lens to gather light, because he judged that
a large lens could not in his day be ground well
enough. To gather more light, he turned to reflect-
ing telescopes of the kind that Newton had pio-
neered a century earlier. He experimented with dif-
ferent metal alloys in an attempt to find one of high
reflectivity, fair resistance to tarnishing, and
reasonable ability to hold its shape through daily
temperature changes.

He turned his entire house into a telescope labo-
ratory, much to the dismay of his sister Caroline:
"\ .. it was to my sorrow that I saw almost every
room turned into a workshop!" Telescope tubes and
stands were fabricated in the drawing room. An op-
tical lathe for grinding eyepieces took over a
bedroom. The kitchen became the smelter.

On one occasion, in August 1781, a hot mirror
mold (made of horse dung) broke, spilling molten
metal that cracked the flagstone floor and sent
pieces flying like shrapnel in every direction. The
Herschels and their workmen fled for their lives.
Herschel fell exhausted on a heap of bricks.
Miraculously, everyone escaped injury.

In spite of occasional mishaps, Herschel found
an acceptable speculum metal from which to make
his mirrors—71 percent copper and 29 percent tin.
In 1778 he completed an excellent 6.2-inch
telescope with a focal length of 7 feet (frequently
referred to as the 7-foot telescope) and used it to
make his second and third complete surveys of the
heavens.

In 1782, a year after Herschel found Uranus with

LA

—

Herschel’s house at 19 New King Street,
Bath. It was here on March 13, 1781, that
Herschel discovered Uranus.

William Herschel Society, Bath, England

this telescope, it was taken to Greenwich for
parison with the telescopes at the Royal O
vatory. Nevil Maskelyne announced that Her.
telescope was clearly superior.

The Discovery of Uranus

became William's passion. He cut back on his music
ing. English weather being what it is, every clear night had to be
e fullest. No time was to be lost. William would not pause from
it king or observing for meals. So, while he worked, Caroline
L n:i.ls of food in her brother's mouth. William also didn't seem
Placed moimh rest. Caroline wrote: "If it had not been sometimes for
s ei:gntion of a cloudy or moon-light night, I know not when my
the mtr (or I either) should have got any sleep . . .""*
B e ening in December 1779, Herschel was in front of his house
bosennen_en\’ the Moon with his 6.2-inch (7-foot focal-length) reflector when
2 gme up and asked if he might have a look. Herschel as always
amaneca accommodating. The man later introduced himself as Dr.
uﬂi}sii:erWatson. He and his father, physician to the king, were both
members of the Royal Society. A deep lifelong friendship began.

Astronomy

By March 13, 1781, William Hersche!, wit}} hel.p.fro.m the Watsons, was
beginning to become known in English scientific .cxrcle.s. He had com-
pleted a survey of the skies with a 4.5-inch reflector in which he c.?téloged
every star of 4th magnitude or brighter. (All these. stars were YI‘S!.blE to
the naked eye, but they were up to 100 times fainter than’ Sirius, .the
brightest nighttime star.) That "review," as Herschel called it—the fl}'st
of four he was to complete in his lifetime—and .reparts about the size
and quality of his telescope had generated much interest. If anyone was
most likely to be the first person since the beginning of recorded history
to discover a planet, it was William Herschel.

And he did. It happened during his second great all-sky survey. He
was using the 6.2-inch reflector he had built after his in.itia% test sea:ch,
"In the quartile near Zeta Tauri,” he wrote in his observing journal, "the
lowest of two is a curious either nebulous star or perhaps a comet. A
small star follows the comet at % of the field's distance.”* For more
than a month Herschel continued to think the object he found was a com-
et. Previous comet orbits as computed by Newton, Halley, and others
were long ellipses resembling parabolas. But a parabola failed to correctly
predict where Herschel's newly found object would be located a few
days or weeks later. Its orbit was not cometlike.

Nevil Maskelyne, the English astronomer royal, was the first person
on record to suspect that the object was a planet. He received news of
the discovery from Dr. William Watson, Herschel's friend in Bath. After
observing for three nights, he wrote to Watson on April 4, 1781: “[The
object's motion] convinces me it is a comet or a new planet, but very
different from any comet 1 ever read any description of or saw."”

On April 23, he wrote to Herschel:

Perhaps a
Comet

MNevil Maskelyne,
astronomer royal and
friend of William and
Caroline Herschel
Royal Greenwich
Observatory
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I am to acknowledge my obligation to you for the communication of
discovery of the present Comet, or planet, I don't know which to cg
It is as likely to be a regular planet moving in an orbit nearly circy

cal

1;

round the sun as a Comet moving in a very eccentric ellipsis. I haye,

yet seen any coma or tail to it.®

The mathematical proof came independently that summer from A
Johan Lexell, a Swedish astronomer working at Saint Petersburg in Ry
and from Jean Baptiste Gaspard Bochart de Saron and Pierre S
Laplace in France. When they fitted the observations to a circular g
planetlike orbit, the object moved more nearly as predicted. Lap
Pierre Frangois André Méchain calculated the first elliptical o

Uranus in 1783.

SONG OF THE HEAVENS: CAROLINE HERSCHEL (1750-1848)

"I never forgot," wrote Caroline Herschel, "the
caution my dear Father gave me against all thought
of marrying, saying as I was neither handsome nor
rich, it was not likely that anyone would make me
an offer, till perhaps, when advanced in life, some
old man might take me for my good qualities."!

So Caroline dreamed of a career to keep her from
being dependent on family members. She had a
good singing voice. She came from a musical family.
But her mother disapproved of careers for women.
Anna even frowned on the liberal education that
Isaac, the father, gave their sons. It would inflate
their expectations. She did her best to limit her two
daughters to the purely practical matters of cook-
ing, sewing, and household management. Isaac
quietly slipped in a few language and music lessons
for the girls whenever he could.

But when Isaac died in 1767, Anna Herschel
relegated her younger daughter Caroline, age 17,
to the position of household drudge. Five years
passed slowly and unhappily. Finally, her brother
came to rescue her and brought her to England to
live. He bought her freedom by providing money

"This and a second quotation from Carcline are from Constance A. Lub-
bock, ed., The Herschel Chronicle (Cambridge: Cambridge University
Press, 1933), pp. 45, 137. The spelling and punctuation of this quota-
tion have been modernized. Caroline had mild scarring from smallpox.

A7 .
= ; O
P "1 J A =4
Caroline Herschel at the age of 79 (1829)
National Maritime Museum Greenwich

for their mother to have a paid servant. Wilhel
he called himself William now—had mana
establish himself in the resort city of Bath
church organist, music teacher, and concert p
former. Caroline was forever grateful to her b
and plunged into intensive training under
direction.

Caroline's day began with breakfast at 7
earlier, much too early to suit her. On the bre

The Discovery of Uranus 7

Half a Y
most astro :
; more than twice a
the size of

Hersche
more th
not too far

EngﬁSh astrono:
century €4+
amateur SCIE

after he found it, Herschel's comet was acknowle.\dged by
o rs to be a large new planet. Its calculated orbit placed
g s far from the Sun as Saturn. Herschel had doubled
the solar system.” The disk of the new pla..net, as measured
| was a little over 34,000 miles (54,700 kllomete.rsl across,
an f(;ur times the diameter of the Earth. Herschel's estimate was
from the modern measure of 31,800 miles [51,2.00 kilometers).
my, which had generally led the way since Newton a
earlier, now had a brilliant new discovery in its crown a.nd an
ntist who was becoming the greatest astronomer of his age.

i . ientifi ization, gave
1 Society, England's venerable scientific organiza
H;rrl;:hlrl})i’fs coveted Copley Medal in 1781 and made him a member.

s
table, from her brother, were “Little Lessons for

ER ematics problems for her to solve and
E:;:ussnlitgl Wil].iari over breakfast. Following
breakfast, Caroline took cooking lessons from the
housekeeper, whose job she would soon have.
Then followed a lesson in English and then another
in math, emphasizing bookkeeping. Next shr;: prac-
ticed music, playing the harpsichord while singing
with a gag in her mouth to improve her projection
and enunciation. This was the first of two or three
music lessons each day. Finally, she was allowed
some relaxation, by which William meant the study
of astronomy. That was Caroline's daily schedule
up till noon.

Within five years, Caroline became a noted
soloist. But her career didn't last long. William was
seized by a dangerous and demanding hobby—
astronomy. He started building telescopes. Larger
and larger telescopes. And observing with them.
One night he fell off the scaffolding and narrowly
escaped grave injury. Thenceforth Caroline stayed
up nights with him, at first taking down observing
notes, then making her own observations. During
the day, after a full night of observing, she ran the
household while her brother taught music students
and performed. She also entertained guests, helped
her brother prepare astronomy papers for publica-
tion, and polished telescope mirrors. Her singing
career was over.

While helping William to prepare a telescope for

observations after a snowfall on New Year's Eve
1783, she slipped on the ice and fell against a large
metal hook used for lifting the telescope. The hook
pierced her right leg six inches above the knee. Her
brother and a workman extricated her, but "not
without leaving near 2 oz. of my flesh behind." The
doctor told her that her injury would have kept a
soldier in the hospital six weeks, but she was back
in action within days, rejoicing that her incapacity
had not cost her brother any good observing
weather.

But the turning point had already come. In 1781
her brother had discovered the planet Uranus.
William Herschel became world-famous. The next
year, at age 44, he abandoned the profession of
music and turned all his energies to astronomy.

Caroline Herschel followed her older brother into
anew career. The king allotted her a subsidy of 50
pounds a year, making her the first woman to be
a professional astronomer. She never married, but
the distinguished French astronomer Joseph La-
lande made two visits to see Herschel's giant tele-
scope at Slough, "possibly as much because of
Caroline as the 40-foot."? In eleven years, she dis-
covered eight comets and what we now know is a
satellite galaxy of the Great Spiral in Andromeda.

2Colin Ronan, Astronomers Royal Garden City, New York: Doubleday.
1968), p. 90.
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Royal Observatory
Greenwich about 1781,
when Herschel
discovered Uranus and
his telescope was
brought to the
astronomer royal for
inspection

National Maritime Museum
Greenwich

On its own initiative, the society waived his annual dues so that he
have extra money to continue his research.

Herschel's achievement in discovering Uranus by recognizing i
disk as different from the stars stunned the astronomical comm
Admirers urged King George III to give Herschel an annual subsi
that he could devote all his time to science. But others could not b
the claims Herschel made for his instruments. They urged t
6.2-inch telescope Herschel had made for his second sky survey-
telescope he was using when he found Uranus—be inspected to
he could possibly be telling the truth about its performance and
discoveries he was reporting, which they could not verify with their o
instruments.

In late May 1782, Herschel visited the king and showed him the heave
through his telescope. By mutual agreement, Herschel then stopped
the Royal Observatory at Greenwich so that the astronomer royal
other astronomers could have a look. The word was quick in comi
Maskelyne and other English astronomers pronounced the tele
superior to those owned by the Royal Observatory or any others
had tested.
Herschel immediately wrote home to his sister to share the news

These two last nights I have been star-gazing at Greenwich with Dr.
Maskelyne and Mr. Aubert [Alexander Aubert, a prominent amateur]. W

The Discovery of Uranus

ompared our telescopes together, and mine was found very superior
by o the Royal Observatory. Double stars which they could not see
2 an".’hc\-;ir instruments T had the pleasure to show them very plainly, and
g tcchanism is so much approved of that Dr. Maskelyne has already
m; rdem ed a model to be taken from mine and a stand to be made by it to
of Zﬂe ctor. He is, however, now so much out of love with his instrument
th;l:trhe begins to doubt whether it deserves a new stand.®

A little later Herschel visited Aubert's observatory for a similar side-b)'p
side comparison. It was no contest. I can now say," he wrote to his
brother Alexander, “that I absolutely have the best teles::opes that were
ever made.”” Self-taught astronomer and optician William Herscpel
was not only making the best telescopes in the world, he was also using
them in a rigorous observing program like none ever at‘le.mpFecl.
Herschel pretty much ignored the fame that followed his dlSC(:_lVErY,
but he was bothered by the impression that the finding was an accident.
Because his second all-sky survey, begun in Augus.t 1779, had been both
comprehensive and precise, Herschel felt any object he found was not
due to luck. He was recording the position and brightness of every st.:ar
down to magnitude 8, about 40 times fainter than the dimmest star in
his first all-sky survey. The faintest of these stars was five times too dim
for the best human eye to see and ten times fainter than Uranus. As he
Jater explained:
It has generally been supposed that it was a lucky accident that brought
this new star to my view; this is an evident mistake. In the regular man-
ner I examined every star of the heavens, not only of that magnitude but
many far inferior, it was that night its turn to be discovered. I had
gradually perused the great Volume of the Author of Nature and was now
come to the page which contained the seventh Planet. Had business
prevented me that evening, I must have found it the next, and the
goodness of my telescope was such that I perceived its visible planetary
disc as soon as [ looked at it .. .19

By the fall of 1781, six months after the discovery, most astronomers had
convinced themselves that Herschel's object was a planet, and the need
for a name seemed urgent. How should a new planet be named? There
was no precedent. No planet had ever been discovered in the course of
recorded history.

Sir Joseph Banks, president of the Royal Society, urged Herschel to make
asuggestion, lest the French, who had helped to prove that the new ob-
ject moved like a planet rather than a typical comet, seize the glory:

Some of our astronomers here incline to the opinion that it is a planet and
not a comet; if you are of that opinion it should forthwith be provided
with a name [or] our nimble neighbours, the French, will certainly save us
the trouble of Baptizing it."!

The Need for
a Name



10

PLANETS BEYOND

William Herschel holds
a diagram of the
Georgian Planet
(Uranus), orbited by the
two moons (Oberon and
Titania) that he also
found.

Courtesy of Special Collec-
tions, San Diego State
University Library

Herschel ignored the request. Meanwhile, the French were i
engaged in bestowing a name. Joseph Jéréme Le Francais de La
one of the orbit calculators, generously and unpolitically suggeste
the new planet be named Herschel.

Another proposal came from Johann Elert Bode, editor of the Be;
Astronomisches Jahrbuch (Astronomical Yearbook of Berlin). H
gested the name Uranus, because Uranus was the father of Satur
as Saturn was the father of Jupiter and Jupiter the father of Mars,
Mercury, and Apollo (the Sun). Uranus was also god of the sky and
band of Earth. The name Uranus would thus keep all the planets
of one mythological family.

These two proposals and many others—including Neptune, Cyh
(wife of Saturn), Astraea, and Minerva—were published and deb
with still no response from Herschel. The Royal Society, whose
told of its patronage, saw a good public relations opportunity sli
away. Intent on securing royal assistance for Herschel's research in
case, the society may have encouraged King George III to believe
Herschel wanted to name the new planet after him, while telling Hers
that the king wanted to give him an annual subsidy and that it woyl
therefore be appropriate for him to name the planet after George,

These machinations were delayed somewhat by the insistence of
skeptical society members that Herschel's telescope first be tested.
the verdict was in, Herschel wrote the king to ask if he might honor hj
in the planet's name. The royal pension for Herschel came thro
the summer of 1782. His subsidy of 200 pounds a year was two-
the salary of the astronomer royal, and Herschel had only one o
duty: to live close enough to Windsor Castle so that he could show
king and his family the heavens from time to time.* This stipend
livable but not comfortable. Herschel was not overwhelmed by the
munificence. He was earning about twice that amount in Bath by te
music and making telescopes. Nevertheless, he accepted the app
ment because he welcomed the opportunity to devote all his ene
to astronomy and because he could continue to supplement his inci
through the sale of telescopes. The king, in fact, immediately orde reg

five 10-foot focal-length telescopes to dispense as gifts. .

Herschel soon wrote an effusive letter of praise to King George, pr
posing that the new planet be called Georgium Sidus (George's St
because of the king's generosity to him and to science and because th
name would remind people that the planet was found in England dul
ing the reign of George III.

The name was instantly unpopular wherever George II1 did not reign
Astronomers resented the name's political symbolism and cumbersom
length, and they pointed out that George's Star was not a star. Each cout

The Discovery of Uranus
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.----_.--_._._'_._ . .
. he new planet was Uranus in Germany; it was
i i‘\rlria":?iyt.h:n graduzl]y Uranus) in France; and for the next
called H?rs‘;riain it was known as the Georgian Planet. Bot.:h?’s reiom-
60 years b finally prevailed, but the new planet remained officially "The
mgndi{tm? 'mBritajn until after the discovery of Neptune and through
e 11Llication of the Nautical Almanac for 1851.
e 1847 s s was Herschel about the planet name he had suggestec.i?
o sfenosuletter to the king sounds sincere. Yet when Bode wrote in
e ratulate him and to argue that Uranus was a better name,
e onded: "When I named it Geo[rgium] Sidus I hardly ex-
g 1’65;[]3115 name would become generally accepted, because we
= by experience that the first names of the satellites of ]upltt?,r
e en}; soon changed."'* Was Herschel just being diplomatic
i Satul_n waloof from partisan disputes, or was he acknowledgfng that
= Standm%i name was a gesture to his benefactor and of little interest
o Pr?ﬁo‘;‘iere is no way to tell. Whatever Herschel's intentions, he left
tc:,h;\?(‘ience that he wanted the planet named after himself.
n

ith the terms of his royal pension, Herschel immedi.ate-
g acc:::laj:ll‘c:)i: tl;h Windsor. In 1786 he settled in Slough, withirf sight
gtn:; castle, where he spent the rest of his life. He gave up music and

is remaining 36 years to astronomy. )

de;\(:;idi:i ;is occasioial duty as astronomy .tu.tor to the royal ff:ll:lly,
Herschel demonstrated his characteristic creativity and resourcefulness.
For example, if the court was anxious to observe but the w.eather wag
uncooperative, Herschel would rig up a model Saturn at a distance an
illuminate it by a lantern so that the expectantvroyalty cm;!ld l(:?k through
the telescope anyway and enjoy at least a simulated view.

Herschel was 42 years old when he found Uranus, an age when most
scientists' major discoveries are behind them. But, for Herss:hel. 40 years
of sustained scientific productivity lay ahead. From 1781 until 1821, when
his health finally failed, he led the way in virtually every branch of

onomy.

aStI; 1788‘}73t age 49, Herschel married a 37-year-old widow named Mary
Pitt, and in 1792 their only child, John, was born. Even as a boy, John
began helping his father and Aunt Caroline, and he grew up.to be one
of the most renowned astronomers of his age. In the meantime Mary
saw to it that William now took time for meals and vacation.f.. Fora tgne.
Mary's place in William's affections strained her relations with Caroline,
who had so selflessly devoted her life to her brother. But eventually both
women, to their credit, came to like each other. '

A serious illness in 1808 caused Herschel, at age 70, to cut back his

The Amateur
Turns
Professional
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observing schedule somewhat, but he remained active until 13
when his health began to decline steeply. In June 1821, Caro
as his observing assistant for the last time. Herschel died on A
1822, just short of 84 years old. His life was almost exactly th
of one revolution of the planet he had discovered. Uranus
returned to the place in the skies where it had stood at his b
Throughout most of the eighteenth century, research in
meant the confirmation and application of Newton's work. Pro
astronomers often became bureaucrats, endlessly logging the p;
that the Sun, Moon, stars, and planets crossed the north-sou
their transit telescopes so that they could improve the meas
time, determine geographical longitude, and refine the or

planets.

It was amateur astronomer William Herschel and three g
of others like him who changed the course of astronomy and re

HERSCHELS TELESCOPES

The discovery of Uranus brought Herschel a flood
of inquiries about his instruments and techniques.
Only then did it begin to dawn on him that he,
William Herschel, an amateur isolated in Bath,
England, was the best-equipped astronomer in the
world. Despite Herschel's sale of telescopes, the
world did not catch up with him in his lifetime.
Because other astronomers did not check his obser-
vations on stars and faint nebulae, they could not
appreciate his work on the structure of the heavens,
After he came under patronage from the king,
Herschel began work on the largest telescope the
world had ever known—a 40-foot-long instrument
with a 48-inch mirror. This endeavor was subsi-
dized by an initial grant of 2,000 pounds from King
George I11. A second 2,000 pounds followed to com.
plete the job, and 200 pounds a year was allocated
to maintain the instrument. Herschel supervised
every detail of the work, which sometimes required
40 workers. It took 12 men working together to
handle the grinding and polishing tool. Herschel
had three mirrors cast, each weighing almost a ton,
before he was reasonably satisfied. The telescope
was three and a half years in the making.
The 50-foot-high scaffolding for the huge tele-

Herschel's 40-foot (48-inch) reflecting
telescope

Royal Greenwich Observatory

43

scope attracted many visitors, and Herschel |
much time showing distinguished guests, in
the king, his work, People especially liked to
through the 40-foot-long tube as it lay o
ground. One day the king brought the archl
of Canterbury to see the project and led’

 the father of s

The Discovery of Uranus

13

i, For 60 years af
astronomy canme &
Herschel was acc

surveys o

er Herschel discovered Uranus in 1781, progress in
|most entirely through the efforts o_f amateufs‘

laimed around the world and is still recognized as
tellar astronomy. He made four highly su.ccessflﬂ complete
£ all the stars visible through his ever-improving telescopes. He

ed the existence of binary star systems—stars revolving around
iscover

one anothel‘ He

ly thought. He pio

universe, thu

lized that stars were much farther away than previous-
1‘ej;‘leered the study of the shape and extent of the stellar
s founding the field of observational cosmology. He proved

the Sun was moving in space, toward a point in the constellation
that the

Herc

ules. He discovered infrared light. All these breakthroughs came
es.

after he found the planet Uranus. "The history of astronomy,” wrote
er

historian
observers, )
disputably into all three categories.

s

i in, " t telescope builders, great
ichael Hoskin, "knows grea ele .
N;nd great theorists; but only William Herschel falls in-

.
through the tube, saying, "Come, my Ill_:ord Bishop,
1 will show you the way to Hee_wen.

Completed in 1789, the 48-inch reflector re-
mained the largest telescope in the world for more
than half a century until William Parsons, the lord
of Rosse, made a 72-inch reflector in 1845.
Herschel's 48-inch telescope was }a‘rg?r than azny
optical telescope in operation in Britain tod.ay.

On his second night of viewing through his 48-
inch telescope, Herschel discovered a sixth moon
of Saturn (Enceladus). Three weeks later he dfs-
covered a seventh (Mimas). Yet Herschel was dis-
appointed with this instrument. It was clumsy to
operate, the English weather was seldom good
enough to allow the large mirror to perform well,
the mirror distorted under its own weight when
tilted, and it tarnished rapidly. With only a hL_u_]dred
hours a year of truly excellent seeing conditions,*
Herschel had at last exceeded the limits of contem-
porary technology and the weather of his adopted
country. He returned to his 20-foot focal-length

!Mary Cornwallis Herschel, Memoir and Correspondence of Caroline
Herschel [New York: D. Appleton, 1876}, p. 309. )

Pointed out by Michael Hoskin, William Herschel and the Construction
of the Heavens (New York: W. W. Norton, 1963}, p. 26.

’N:mrdhg to Herschel, cited by Henry C. Kingl. '.I"he History of the
Telescope (Cambridge, Massachusetts: Sky Publishing, 1955), p. 133.

(18.8-inch) reflector (the "large 20-foot,” completed
in 1783), one of the finest telescopes ever made. He
used it constantly for 20 years.* The 40-foot
monster was left mostly for visitors to gawk at.
Another of Herschel's finest telescopes was the
25-foot-long, 24-inch-diameter reflector ordered by
the king of Spain for the Madrid Observatory. Her-
schel was paid 3,150 pounds. Unfortunately, most
of the people who bought a Herschel tele_:scope did
so for prestige and as a work of art. Lrit_tle.astro—
nomical use was ever made of this exqu:s:te.f instru-
ment, and it was destroyed in the Napoleom_c wars.
The giant 40-foot telescope stood erect ur_ml 1839,
when the rotting timbers of the scaffolding com-
pelled John Herschel to have the instrument taken
down. The tube, mirror in place, was laid on the
grass, and the family gathered inside the tube for
a requiem, using music composed by John. The
tube was then sealed against the elements. A tree
felled by a storm in the 1860s crushed most of the
tube, but the mirror and a fragment of the tube are
still displayed at Herschel's home in Slough today.

*His son John Herschel rcfurbuh;d miehmkmn;td: :;s“;ier: i:‘;rhgr“s

rvision, resurveyed his father's ulae A

::Tthen took this instrument to the Cape of Good Hope to survey the
southern skies, his most famous contribution to astronomy.




CHAPTER 2

Titius’
Approximation

14

The Fervor fo
New Planets

“Can one believe that the Founder of the Universe left this
space empty? Certainly not.”

Johann Elert Bode

(1772)

Before the discovery of Uranus, no one thought that there we
planets beyond Saturn. Almost no one thought that there were un
planets closer to the Sun than Saturn. But with the discovery of U
in 1781, horizons suddenly broadened. Maybe there were other p|
bodies in the solar system yet to be found. Attention focused on son ;
called Bode's Law. '
Popularized by the same man who provided Uranus with its na
Bode's Law began as a curiosity—the relative distances of the piz
from the Sun expressed as an arithmetic progression. Two-thirds
tury later, it was once again just a curiosity. But during the inte
65 years, Bode's Law was a major driving force in solar system re
The distance of newly discovered Uranus was in good agreement
the law’s numerical sequence, and this gave the progression cre

Bode's Law, however, is neither Bode's nor a law. More properly, it sk
be (but seldom is) known as the Titius-Bode Rule. In 1766, Johann D
Titius, a mathematics professor at Wittenberg, translated from
to German a work by Swiss naturalist Charles Bonnet entitled
tions on Nature.! Bonnet was trying to show the handiwork of Gt
the order of nature, and he began with the example of the solar s
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le was too diffuse, however, and Titius decided to help Bon-
The e@zﬂe interposing a paragraph that offered an intriguing progres-
netby QUIETE ces of the planets from the Sun.? His finding can be

sion in the o
stated like this: ‘ y
ith the series 0, 3, 6, 12, 24, 48, 96, .. . in which, beg‘m.umg
. S!ﬂl_th”; each succeeding number is twice the one before it.
wll v

ber.
+ Add 4 to each num
. Divide each number by 10.2

a good approximation of the distances of the then-known

from the Sun in astronomical units (an astmnomica.l lfnit 15'Lhe
pmemdistance of the Earth from the Sun—now set at 92.96 million miles,
mean

or 149.6 million kilometers).

The fesult i.S

DISTANCE FROM THE SUN
|in astronomical units)

Titius-Bode Law Actual as of 1790
0+ 4

Mercury 10 = 0.4 0.39
3+ 4
Venus 10 = 0.7 0.72
R ke S 1.00
Earth 10 = 1.0
12 + 4
— = 16 1.52
Mars 10
—_— 2415 d - 2.8 (nothing known)
4 4
Jupiter 4822 - 52 5.20
Saturn 244 - 100 9.54

Titius noted that his numbers worked well except for a 8ap between
Mars and Jupiter where there was no known planet. “But did the Lorcl
Architect leave that space empty?"' he asked. "Not at all,” he answered.
This space must be occupied by undetected satellites of Mars and perhaps
of Jupiter.

This exercise by Titius, buried in another author's book, would prob-
ably have attracted no attention had not Johann Elert Bode happened
across it. Bode was a young, energetic, self-taught astronomer who, at
the age of 21, had published a very popular introduction to the
heavens.’ In 1772 he had just been hired by the Berlin Academy of

Johann Daniel Titius
Archive of the Archenhold
Observatory



16

FLANETS BEYOND

Johann Elert Bode

Archive of the Archenhold
Observatory

Celestial Police

Sciences to work on its annual astronomical almanac. e
on this publication for revenue, but it was selling poorly. Bo,
transformed it from a money loser to a high-profit item by
the publication’s inaccuracies and by supplementing the usual
dates, and times of an astronomical almanac with astronomy an
science news from around the world. He thereby made the
Astronomisches Jahrbuch (Astronomical Yearbook of Berlin) j
jor reference work. He continued as editor from 1774 (age 27)
death in 1826,

Bode came across the planetary distance relationship in the f
man edition of Bonnet, translated by Titius in 1766. Titius
into the text of the book without a note, so that it appeared to be
net.® Bode reprinted the relationship with only a few ve
changes in phrasing and without credit to Bonnet or Titius in th
edition ({1772 of his introductory astronomy book. "'Can one S
said Bode, "that the Founder of the Universe left this space empt
tainly not."” Instead of satellites of Mars or Jupiter in the gap, hoy
Bode proposed that a major planet lay undiscovered there and ep
astically promoted this planet spacing relationship every chance j

Bode continued to fail to credit Titius in the next two edition,
popular astronomy book and in his 1778 technical survey of astrg
as well. He finally acknowledged Titius as the source for Bode'
1784, three years after Uranus was discovered, when he Y
monograph on the new planet, Bode pointed out that if his rul

planet distances had been carried one step further, it would have p

Based on the apparent validation of Bode's Law by Uranus, Bode beg
plans to search for the planet that the law predicted should lie be
Mars and Jupiter. The object had to be faint, or as close as it was, it wi
be plainly visible to the unaided eye.
Bode's confidence that a planet existed in the Mars-Jupiter gap ¥
matched by that of the Hungarian astronomer Franz Xaver von
On September 21, 1800, Zach convened a meeting of astronomer fi
in Lilienthal, Germany, at the home of the town's chief magistrate, Ji
Hieronymus Schréter.® The village of Lilienthal was about 12 m
kilometers) from Herschel's birthplace in Hanover. Schréter
amateur astronomer who made outstanding telescopes himself and
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r with a 27-foot focal length. This gave
i T:fcf}?erzgii?liuropean continent. Schréter was one
him the wgzztptli to use a Herschel telescope for research rather than
the few P -
of lay- 111, ruler of Hanover as well as Great Bn‘t:iin, rsubmdlze;i
King Geors® d Schroter. The king encouraged SchrotP:r s r.esearc
both Herschel ?nschréter’s instruments and leaving them in his hands
by buyirg . He also provided money for Schréter tc: hll'.e an assis-
e deathl:SChel received a stipend for Caroline. Schréter is regarded

tant.jug:]lls I;sz selenography for his long-term work on the features of
as the fathe

the Moon.

ilienthal adopted a plan previous-
The six astronomers® who met at Lilien P

ind the missing planet. Since all the known

ly PrOPOSCd by I{;lea:gfp:c,fwiﬂﬂn the zodiacal band, they rea;.o'ned that

eisl_ay i d planet might also be found there. So they divided the

o unchscoveri Es along the zodiac and assigned the search c:f _each

Lol 11§)t0 an astronomer they felt would want to participate

lsil?yizjiiitlgach dubbed the group the Lilienthal Detectives. Letters
in this p :

t out to astronomers all over Europe notifying them of their
went 0

i ts' . - . . o
35;:%32‘0 late. Before the letter to Giuseppe Piazzi arrived at the obser

vatory he directed in Palermo, Sicily, he had made and reported a puz-
zhn.g dl.s:::::? g)riest and mathematician by training. When he was ‘apl;
1')lmrilia rofessor at Palermo in 1780, he was encouraged to establis
St I:’tor In the late 1780s he went to England so that he could
o Uﬁef:st ii‘.truments available. He spent time with the astr.onorr?er
< id then went on to visit William Herschel. While observing with
;-io:ralscz;lel, he fell off the scaffold and broke his arm. Astronomy can be
rous profession. ) ‘
’ g:ﬁem Sicify with his new equipment, he launched a le.ni’ih)g glijlzill;s:i&s
ing, but valuable project to determine the exac:t astroponuc. t; i
of z;everal thousand stars. He was 11 years into t.hls prOj;C wt : ; o
the night of January 1, 1801, the first day of the nmetee'ntv ri}eln : ;’t}; -
noticed a very faint, starlike object in Taurus that wasn't in the g
mng.
hEH:aostl;::d i% again the next night and the night after that. 'I'h('::i :b;
ject was moving slowly against the background.stars. A few more fﬂfe
of observations assured him that the object was indeed a membi;?a o
solar system—but what was it? He began to notify c.olle.agues. To n
and Bode he described his discovery as a comet. But in his letter of January
24,1801, to his close friend Barnaba Oriani, director of the Brera Obser-
vatory in Milan, Piazzi confided:

Franz Xaver von Zach
Archive of the Archenhold
Observatory

Johann Hieronymus
Schroter

Archive of the Archenhold
Observatory
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Giuseppe Piazzi
Courtesy of Special Collec-
tions, San Diego State
University Library

I have announced this star as a comet, but since it is not accom
any nebulosity and, further, since its movement is so slow and
uniform, it has occurred to me several times that it might be so
better than a comet. But I have been careful not to advance this
tion to the public. I will try to calculate its elements when I have
more observations.'?

On February 11, Piazzi fell seriously ill, and before he had r
the object had moved too close to the Sun'’s position to be obs
delivery could be absurdly slow in those days, and it was two g
months before Oriani, Bode, and Lalande received their letters,
mediately suspected that Piazzi's discovery was the planet th
tives had hoped to find, and he spread the news, Zach was d

For philosopher Georg Wilhelm Friedrich Hegel, however, the
was embarrassing. Early in 1801, before word of the discovery
ceived, he had published his Dissertatio Pholosophica d,
Planetarum (Philosophical Dissertation on Planetary Orbits), in/
he proved by logic that only the seven known planets could
that Bode's Law was absurd.

But now there was a serious problem with the object that P
found. By the time Bode, Lalande, and Oriani received notificati
Piazzi was well enough to resume work, the object was lost. Pj
observed it over a period of 41 days, which covered 3 degrees of
bit. Such a small percentage of an orbit made the calculation of

Ject's position after it emerged from the brightness of the Sun e;
uncertain. True, it was less uncertain than the position of Uran
half a year of observation (by which time it had shown itself to bea p
but Piazzi's object was much harder to find because it w:
magnitude, about ten times fainter than Uranus. It was on the f
visibility with most of the telescopes available, and it exhibited no
planetary disk. Searches were in progress everywhere, but the n
ject eluded detection, even by Herschel. Astronomers began to d

But then a brilliant 23-year-old German mathematician stepped i
Friedrich Gauss. The problem of recovering Piazzi's object fa
him. In the fall of 1801 he developed a new method of calculati
from a minimum of observations. Late that year he delivered
calculation and position prediction to Zach. On December 31, 1
last night of the year of its discovery, Zach found the object only
a degree from where Gauss had calculated it would be."

Gauss's calculation also confirmed what had been suspected: Th
ject had the nearly circular orbit of a planet, not the elongated
a comet. And Gauss confirmed that the object's distance from th
was 2.77 astronomical units—almost exactly the 2.8 figure tha
Law promised.

The Fervor for New Planets
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Piazzi proposed to name the object Ceres Ferdinandea—Ceres of Ferdi-
pand. Ceres was the Greco-Roman goddess of agriculture and patron god-
dess of Sicily. Ferdinand was the ruler of Sicily. But the length of the name
and its political connotations quickly resulted in the use of Ceres only.

But soon new trouble arose. Ceres was relatively close, showed 1o ap-
preciable disk, and was extremely faint. It had to be small. Was it too
small to be the expected planet? . :

Then, on March 28, 1802, Wilhelm Olbers found a new object with
very similar behavior. Olbers, a physician and skillful amateur
astronomer, was also one of the Lilienthal Detectives. He had been search-
ing to recover Ceres and thus had made himself very familiar with the
part of the sky (Virgo) where Ceres might be expected to reappear. In
fact, Olbers had independently recovered Ceres on January 1, 1802, the
night after Zach's success.

Olbers was looking for comets when he saw what he named Pallas
{another name for Athena, sometimes regarded as goddess of medicine).
His familiarity with that part of the sky allowed him to recognize this
faint interloper from among hundreds of stars in his field of view.

The discovery of Pallas complicated matters. Bode's Law predicted one
planet at 2.8 astronomical units. Now there were two. And neither was
of normal planetary dimensions. Herschel estimated the diameter of Ceres

Carl Friedrich Gauss,
later in life, on the ter-
race of the Gottingen
Observatory

Courtesy of Special Collec-
tions, San Diego State
University Library

Too Small to Be
a Planet
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Wilhelm Olbers
Archive of the Archenhold
Observatory

at 162 miles and Pallas at 110. Modern measurements are ki
and 335 miles (993 and 540 kilometers), but these two bodies .
much smaller than the smallest planet, Pluto, which is about 1,
(2,345 kilometers| in diameter.

Herschel wrote to Piazzi and Olbers to suggest that it was p
save Bode's Law only by reckoning that Ceres and Pallas werg
class of solar system members, too small to be designated pla
proposed to call them asteroids because of their starlike app
which did not readily reveal a planetary disk. The name
though asteroids have nothing to do with stars. Planetary scien
prefer to call them minor planets or even planetoids, the name _
by Piazzi in 1802 to avoid the “starlike” connotation of asterojq

Olbers accepted Herschel's diminutive measurements for the tu
objects and adopted the term asteroid in his reply to Herschel

AN EARLY APPLICATION OF AUTOMATION TO ASTRONOMY

by Ruth S. Freitag, Library of Congress

After Piazzi came across the first (and largest)
asteroid in 1801, three more were found by Olbers
and Harding in the ensuing six years; then nearly
four decades elapsed without any further dis-
coveries. However, once the search was resumed
by a new cast of characters armed with better star
maps, the numbers began to accumulate, beginning
in 1845. From 1847 on, not a year passed without
the identification of yet another asteroid or two, or
six, or eleven. By mid-1873, more than 130 were
known. After considering carefully the hardships
that dedicated asteroid seekers had to endure, the
Bavarian satirical weekly, Fleigende Blitter, an-
nounced in its issue of September 19, 1873, the
development of an indispensable new accessory:

An Automatic Asteroid Finder

We have succeeded in building an instrument that
discovers asteroids, comets, and other unknown
celestial bodies by purely mechanical means. The
arrangement is as follows: An instrument resem-
bling a telescope, the lens combination of which
is designed like that of the camera obscura, is set
up facing the sky. This instrument projects all the

heavenly bodies within its field of view ontg
strip of paper, which stretches between
and is carried along past the focal point
strument, by means of a clock drive, at
speed as that of the stars in the field. All
fixed stars, planets, and asteroids are shown
spots on this paper strip, exactly like a
The rest of the paper is chemically treated
a way that the least amount of light fallis
a spot that is not blackened will set the
fire. If this rolling chart of the heavens is
oriented, the light from a star will fall upon:
responding black spot on the map; but if t
a star (asteroid or comet) anywhere in thy
is not yet shown on the map, ie., not yet dis
a point of light will fall on the chemically
part of the paper; the paper will catch

will fall on a fuse treated with powder
nects with the touch hole of a small ca
a shot will go off. By means of the shot
nomer quietly sleeping in an adjoining rog
awaken, jump up, rush to the instrument,
the field of view of a telescope set up p
the camera-telescope, he will see the
covered star. Klinkerfues, Luther, and all
famous asteroid discoverers need no longere
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1802. But
his letter:
had been
He propos
the orbits O

Olbers, a clever mathematician, offered an intriguing idea in
that Ceres and Pallas might be fragments of a largz? planet that
destroyed by internal explosion or by C(?llllSl(:}n with a comet.
ed that astronomers search the two regions in Lhe sky where
f Ceres and Pallas came closest to intersecting in the hope

¢ finding other fragments, since an explosion might throw debris in all
o

dj.recﬁﬂnﬁ- but
site of th
and Virgo.

the orbits of the fragments would bring them back to the
¢ explosion at each revolution. The intersections were in Cetus

On September 2, 1804, Carl Ludwig Harding, an assistant at Schréter's
bservatory and himself one of the Lilienthal Detectives, discovered Juno
o

in Pisc s, a
’:;ni advice, found Vesta in Virgo.

es, very close to Cetus, and on March 29, 1807, Olbers, taking his

It was an embarrassment of riches. All four asteroids were small. Even

themselves to the night air during frosty winter
evenings with their comet-seekers and catch colds
and chills from their tiresome work. Unfortunately
it has not yet been possible to bring this epoch-
making instrument to the international exhibition.
It can be expected, in view of the large number of
small planets that are to be found between Mars
and Jupiter, that every quarter of an hour a shot
will sound, announcing to the earth's entire popula-
tion the discovery of yet another new asteroid.
(Translation by Ruth S. Freitag)

Automatic Asteroid Finder

Fleigende Blitter, founded in November 1844,
poked fun at German social, cultural, and political
life with great success during the nineteenth cen-
tury. Some of its contributing artists, such as
Wilhelm Busch and Carl Spitzweg, achieved inde-
pendent fame. As the years passed, the journal was
overtaken by rapidly changing times to which it
could not adapt; it expired, finally, in 1944—the on-
ly German periodical of its kind to last for a century.
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if they were fragments of a larger planet, all of them put togeth
all the other pieces that could reasonably be imagined to exist
enough to form one decent-sized primary planet. Today, the
of the asteroid belt (3,700 known asteroids and all those rem
be identified, plus debris and dust) is estimated to amount to
5 percent of the mass of the Moon. It would take almost 2,
asteroid belts to equal the mass of the Earth. The zone of mi
continues to fragment and reduce itself to dust through co;
it seems never to have contained a planet of major size.

Nevertheless, most astronomers in the early nineteenth ceng
that Bode's Law was extremely powerful. Why it worked re
mystery, but Uranus was found at the distance the law predi
asearch of the gap given by the sequence produced the disco
asteroids. Some astronomers even used Bode's Law to suggest
lay beyond Uranus.!?

Confidence in Bode's Law was great enough so that when Jo
Adams and Urbain Jean Joseph Le Verrier attempted to calc
istence and position of a planet beyond Uranus, both adopted
prediction that a trans-Uranian planet would lie at a distan
astronomical units.

Neptune was found where Adams and Le Verrier, using B
to postulate its distance, had predicted it would be in the sky,
tune proved to be closer than expected—30.06 astronomical
error in the law of 23 percent. And Pluto, whose mean dis
the Sun is close to where Neptune should have been, is only
distance that the Law would predict for a ninth planet.

Ironically, the very success of Bode's Law in helping with the d
of Neptune led directly to its discrediting. Undermined at the
its popularity, Bode's Law returned to the status of a curiosi

Trouble with
Uranus

can say but your new star (Uranus), which exceeds
saturn in its distance from the sun, may exceed him as

h in magnificence of attendance? Who knows what
e new satellites, or what other nameless and
:i;ﬂ:ﬁ:ss phenomena remain behind, waiting to reward

: i

git:oz;:g:::? president, Royal Society, on awarding Herschel the
Copley Medal (Movember 1781)

“Who

Uranus required a major conceptual leap for thelpub]jc .zmd the scien-
tific world. A new planet. A solar system twice the size previously thought.
The law of gravity extending deeper into the universe.!

Then, to further complicate matters, Uranus would not cooperate. It
seemed to be violating the law of gravity. In 1781, soon after Uranus was
discovered, Lexell, Bochart de Saron, and Pierre Simon de Laplace had
calculated circular orbit approximations for Uranus which derrfonsh'ated
that the object, unlike any known comet, was in a planetary 01:b1'5. Laplac.e
and Pierre Francois André Méchain calculated the first elliptical orbit
for Uranus in 1783. That orbit allowed astronomers to predict more ac-
curately where Uranus would be. But still there was considerable error.

New calculations were made, some improvement resulted; and most
astronomers presumed that more observations would lead to better
ephemerides.?

They didn't. In fact, Uranus seemed to be increasingly wayward.

When it is closest to Earth, Uranus has a visual magnitude of ab?ut
5.5, barely visible to excellent human eyesight under perfect observing
conditions without optical aid.? With even a modest amateur telescope,

CHAPTER 5
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Those Who
Missed
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.

ess. Other astronomers joined in the hunt through historical
into't for earlier sightings. Pierre Charles Le Monnier examined his
‘archives rods and found that he had seen Uranus nine times before its

g 100 without recognizing that it was not a star. He was so embar-
ed that he published only foue/ . .
: rbital calculations were made that tediously incorporated the
N?w ? al perturbations on Uranus by Jupiter and Saturn. The result
s‘-a“taml'lt qﬂite right, but it was an improvement, and astronomers
b wﬂtiﬂw attention to other matters, such as how to avoid the guillotine
ing the French Revolution. Jean Baptiste Gaspard Bochart de Sa-
follo::‘:; had computed one of the first orbits for Uranus, was beheaded.
I;:lspent his last night in prison calculating a refined orbit for Halley's

Comet.

however, Uranus is relatively bright, one of the 2,000 brightest
among the million or so stars visible with a small instrument. |
1781, soon after Herschel's newly discovered object was gene;
knowledged to be a planet, Bode raised the question of whether [j
had been seen previously but mistaken for a star. Such predi
servations could be very useful for the refinement of orbital calg
The position of Uranus had been recorded since its discovery fg
a little over six months—too small a span of the 84-year orbit to.
dent of its size and period. Additional sightings from earlier
be helpful in reducing the orbital uncertainties.

Bode began a search through historical records and found two
when astronomers had recorded a star of the proper brightness
no longer at its marked position. The motion of Uranus,
backward along its orbit, seemed to place the planet near eno
positions to indicate that earlier astronomers had—not surp
mistaken Uranus for a star. Telescopes prior to Herschel's co
shown astronomers a planetary disk, which would distinguis
the stars. Even in Herschel's day, famed observers such as
Messier identified Uranus only with great difficulty by noti
secutive nights which starlike object in the proper field of view
against the starry background. Unless they had an instrum
Herschel's, an exacting eye like Herschel's, and an observing
like Herschel's where every single object in the sky, even objects
fainter than Uranus, would be recorded—unless they had
themselves with all these advantages—their chances of disi
Uranus were minimal at best.

Herschel had not been looking for a planet at all. He was co
his all-sky "review"" in search of double stars that might be
parallax measurements to determine the distances to stars. He
specifically looking for motion within the star field from one
the next, which would indicate a nearby object such as a planet or
He did not recognize Uranus because of its motion but because,
trained eye and with his matchless instrument, Uranus showed
small disk and therefore did not quite look like a star.

Bode announced that Tobias Mayer had unknowingly seen Ural
1756. So had John Flamsteed, the first astronomer royal, as far b8
1690.* With observations now spanning almost a century—m
one orbit of Uranus—several astronomers attempted to cal
bit that would allow the accurate prediction of future positi
calculations worked marginally for a few weeks and then ste

Later, 22 years after Le Monnier's death, French astronomer Alexis
Bouvard reexamined earlier observational records in an attemp% to com-
pu{ea better orbit for Uranus. He publist}ed a list of 17 px:edlscovery
sightings® of Uranus and 40 years of postdiscovery obs?rvatlons. These
tables (1821) provided position markings along the orbit of Uranus that
stretched for 130 years, from 1690 to 1820—more than one and a half
revolutions for the planet. With so much coverage, it should have been
possible at last to calculate an orbit that truly matched the planet's motion.
But using all the data, Bouvard could find no decent fit. It was
frustrating. If all the positions were included, the old observations would
correspond, but the new ones wouldn't. If the modern observations alone
were used in the calculations, then the old observations wouldn't fit.
Bouvard saw no alternative but to exclude the prediscovery sightings from
his orbital calculation on the grounds that the observations of Flamsteed,
Mayer, James Bradley, and Le Monnier could not be as accurate as modern
ones.
Bouvard pointed out that 12 of the 17 prediscovery sightings belonged
to Le Monnier, including 4 on consecutive nights in January 1769.
Bouvard attributed Le Monnier's misfortune less to lack of luck than to
his sloppiness and his failure to compare his notes on star positions from
one night to the next. A story circulating at the time said that Le Mon-
nier scribbled one of his unrecognized observations of Uranus not in an
observing journal but on a paper bag that had contained hair powder.
The story was not true, but Le Monnier was an easy butt of ridicule.
He had an irascible personality and fought frequently with colleagues.
Besides, it was in Bouvard's interest to cast aspersions on the non-
discoverers of Uranus because he needed to discredit their observations

Troublemaker
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in order to calculate an orbit that seemed to fit the planet's

Le Monnier did not recognize Uranus, but the positions he
for this starlike object had an average error in longitude of on
seconds—ten times smaller than the errors that Bouvard wishe
tribute to him.

On the surface, it looked like Le Monnier had indeed been i

and January 23, 1769, he had seen but not recognized Uranus ej gh
Yet during this period of time Uranus was just coming out of
motion and was at a stationary point. Le Monnier did not notice
tion of Uranus through the star field because, at that time, Uranys
virtually not moving.”

By excluding prediscovery sightings from his orbital caleyl
Bouvard was dismissing the work of some of the guiding lights
tional astronomy. The typical observational uncertainties by all fo
cient” astronomers who had seen Uranus prior to its recognit
planet were seven to ten times too small to warrant such drastic
As Le Verrier proved later, the “ancient” data were good. Bouv:
unhappily:

-+ I leave to the future the task of discovering whether the difficy
reconciling the two systems results from the inaccuracy of the a
observations, or whether it depends on some extraneous and
influence which may have acted on the planet.¢

Having explained his exclusion of older data, Bouvard then
40 years of "modern,” more reliable data to establish a new, i
orbit for Uranus. There remained discordances of a fraction of a
of arc, but additional observations, he felt, could be expected
the problem. It seemed promising at first, '

But additional observations only exacerbated matters. By
failure of Uranus to operate on schedule was so aggravating t
distinguished German mathematician Friedrich Wilhelm B
pressed his opinion that the “mystery of Uranus” would be so
the discovery of an outlying planet. He began advocating a sea

Throughout this period, Uranus was running fast. It was cons
and increasingly ahead of its predicted position. Then, just as th
tional errors seemed intolerably large, the problem began to
Uranus was running less and less ahead of schedule. For about
1829 and 1830, Uranus was almost exactly where calculations
Temporarily, astronomers forgot about the planet's many years
ruly and unexplained behavior. '

Then, just as complacence was setting in, Uranus fell off s
again—but this time it was running slow. Slow, and getting steadi

Trouble with Uranus

27

Orbit of Neptune

(Running fast)
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O (When discovered)

Orbit of Uranus

The effort to explain the problem shifted from observational accuracy
to some force acting on Uranus. Several forces were proposed. and swatted
down. One idea, revived from Descartes, was that a cosmic fluid with
vortices filled the space between heavenly bodies. It was discarded, as
before, because there was no evidence for such a fluid and no way that
it could bring about the perturbations observed.

The second idea proposed that Uranus was being disturbed by a large
satellite. This theory was abandoned because, to produce the observed
disturbance, the moon would be too big to be undiscovered, and because
any moon's period of revolution would be too short to cause such long-
period perturbations. .

A third proposal was that a comet struck Uranus about tl}e time of
its discovery, changing its orbit, so that old and new observatmn.s could
not be reconciled because the planet now moved in a slightly different
path. But this impact theory failed because Uranus was now signiﬁ.c?.ntly
off schedule according to calculations based solely on modern positional
measurements.

The fourth proposal was more tenacious: that the motion of Uranus

From the time of its
discovery until about
1821, Uranus moved
faster along its orbit
than provided by
calculations using the
gravitational attrac-
tions of the known
planets. Around 1822,
Uranus moved as ex-
pected. Thereafter, it
moved too slowly. The
reason was an unknown
planet beyond Uranus—
Neptune.
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Toward an
Explanation

couldn't be handled adequately by the law of universal gravita
gravity was not universal. Instead, said some scientists, gravity
as described by Newton on Earth and from the Sun out to
at greater distances the law needed modification. The intra
Uranus was an example of the breakdown of Newtonian ph
idea, dating from Newton's time, was proffered whenever a
scientist encountered a phenomenon or developed a theory t]
immediately seem to reconcile with gravity. Yet in every case OVe
tury and a half, Newton and gravity had prevailed.

Among those who doubted the universal validity of gravity was
Biddell Airy, appointed astronomer royal of England in 1835. Fo
part he kept his suspicions quiet, but this bias and his efforts
man who fixed Newton's work were to have profound consequ
the lives of several astronomers and the history of astronomy.
ly all of the most productive scientists saw ample evidence th
operated in the same way everywhere.

As the 1830s passed, only one proposal to explain the peculi
of Uranus remained attractive to those gripped by the probles
Uranus was being disturbed by a more distant planet.

The idea of unknown planets had surfaced without generating
attention even before Uranus was discovered. In 1758, whe
Claude Clairaut, Lalande, and Nicole Reine Etable de Labriére
had calculated the date when Halley's Comet would pass clos
Sun on its first predicted return, Clairaut had noted “thata b
travels into regions so remote, and is invisible for such long perio
be subject to totally unknown forces, such as the action of o
ets, or even of some planet too far distant from the Sun
perceived."?

Of course, Bouvard had timidly raised the possibility of “
traneous and unknown influence” on Uranus that was causing
for the planet to fail. By 1836 he had embraced this concept raf
blaming discrepancies in the orbit of Uranus on observational ¢
earlier astronomers. §

Apparently Bouvard had been speculating privately by 1834 abx
possibility that the course of Uranus was being disturbed b
discovered planet. Thomas John Hussey, an English clerg
amateur astronomer, raised this possibility with Bouvard on
France. When he returned to England, Hussey wrote to George A
to be astronomer royal, that he and Bouvard independently ag
there must be an outlying planet. Hussey sought advice abo

Trouble with Uranus
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. discouraged such thoughts, informing Hussey that
find it ‘:g was unequal to the task of calculating the position of such
mathema

Janet. o
-t is a puzzling subject, but 1 give it as my opinion, without hesitation, that
-11}5 s t yet in such a state as to give the smallest hope of making out the
a2y nooz'fany external action on the planet. . . . But if it were certain that
B ere any extraneous action, I doubt much the possibility of deter-
"h?'r.e wthe place of a planet which produced it. I am sure it could not be
done till the nature of the irregularity was well determined from several

successive revolutions.'

In other words, since the revolution of U{'anus required 84 years, Airy
was telling Hussey to wait several centuries. _

In 1835, Halley's Comet arrived at perihelion a day later than predicted.

. o to account for this discrepancy, Benjamin Valz wrote: "I would
'n.rzf”;rgto have recourse to an invisible planet, Iocatec% beyond Uranus;
its orbit, according to the [Bode's Law] progression of planetary
;i-s ces .." The planet's perturbations on the comet over four or five
mmm might then reveal its location. "Would it not," s:ighed Valz,
ubé admirable thus to ascertain the existence of a body which we can-
not even observe?!! .

Friedrich Bernhard Gottfried Nicolai responded to the same stimulus
with almost the same reaction. He observed that the delay of the c.omet
in reaching perihelion had been noted previously. "One in?me(_:hateiy
suspects,” wrote Nicolai, "that a trans-Uranian planet (at a radial distance
of 38 astronomical units, according to the well-known rule) might be
responsible for this phenomenon.” ' .

In 1837, Bouvard set his nephew Eugéne to work on collecting new
position measurements for Uranus to attempt a fresh orbit calculation.
Eugéne wrote to Airy at the Royal Observatory at Greenwich, explain-
ing that his uncle thought the unruly perturbations were the result of
an undiscovered planet. Airy replied that he was confident that the prob-
lem could be traced to the adopted distance from Uranus to the Sun.
It was too small, he was sure. He urged the young astronomer to con-
centrate on that possibility instead. Eugéne did, and he showed that even
with a larger orbit for Uranus, there was still no reconciliation between
observation and theory. Nevertheless, Airy continued to hold that the
problem lay in the distance from the Sun attributed to Uranus. Thus Airy,
who had done much to publicize the discrepancies between the predicted
and actual positions of Uranus, was increasingly isolated in his opinion
about the cause. By 1838 the existence of a trans-Uranian planet was
2 major topic in astronomy.

Two astronomers, Niccold Cacciatore, director of the Palermo Obser-
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vatory, and Louis Frangois Wartmann, owner of a private obsery
in Geneva, thought that independently they might have caught
a planet beyond Uranus.!*

By the end of the 1830s, most astronomers were convinced ]
unseen and troublesome planet lurked beyond Uranus. Astrono
as Johann Heinrich von Médler expressed “the hope that anal:
at some future time realize in this her highest triumph, a discove;
with the mind's eye, in regions where sight itself was
penetrate.''!*

Friedrich Bessel, who for almost 20 years had blamed the trouk
Uranus on an unseen planet, told John Herschel in 1842 that he ap
student Friedrich Wilhelm Flemming were preparing to attack t}
lem, beginning with a new analysis of positional observations of
But Flemming died suddenly, and soon thereafter Bessel's healt]

In 1841 a young mathematics student at Cambridge Univers
browsing in a bookstore and came across Airy's 1832 presentatio
predicament. A week later he wrote himself a note in which he
to take on the problem as soon as he finished his degree. This yo
was destined to solve the problem and suffer one of the most excr
frustrations in the history of astronomy. His name was John (
Adams.

Neptune:

The Planet Found
on a Sheet of Paper

«The Uranus problem is] not yet in such a state as to give
the smallest hope of making out the nature of any
external action . ..”

George Airy discouraging T. J. Hussey in his hope that Neptune could be
found by calculation (1834)

“That star is not on the chart.”
Heinrich d'Arrest’s response as Johann Galle called off stars in the search
for Neptune (1846)

John Couch Adams was lucky to have survived his early education. His
parents, Thomas and Tabitha, meant well. They were devoted to one
another and their seven children. John was born June 5, 1819, on a farm
near Laneast in Cornwall, England, where his father was a tenant farmer.
The family was "respectable’’—not poor, but with very limited means.
John's first school was in a farmhouse in Laneast, but at age eight I?e
was placed under the tutelage of R. C. Sleep, newly arrived in
southwestern England, who was known to advertise himself as

Professor of Caligraphy, Stenography, Mathematics, French, Hebrew,
efo.....

Mr. Sleep Challenges any man in England for Caligraphy, Stenography or
the Mathematics.!

Little did Mr. Sleep reckon on finding a youngster like John Adams
in the provinces. When the boy was ten, student and "professor” sat down

for the first time to study from Mr. Sleep's one and only mathematics
31
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John Couch Adams at
about the time that
Neptune was discovered
(1846)
National Maritime Museum
Greenwich

Adams at
College

book, an old algebra text. John was almost immediately far
teacher.

In 1830, at the age of 11, John accompanied his father on a y
relative in Devon. The relative noted John's precocity in comy
his own bright son and arranged a competition between Joh;
town's schoolmaster, who had a local reputation as a mathe;
was a humbling experience for the older man. |

The next year, the Adamses removed their son from Mr. Sleep's
and sent him off to a school in Devonport headed by Tabitha!
The school was strong in the classics but weak in mathem
age 12, took the matter into his own hands. He spent every p
ment in the nearby town hall, which housed the library of tk
port Mechanics Institute. There he devoured books and eng
articles on astronomy and, by himself, worked his way through
tial calculus.

He was thrilled by the sight of Halley's Comet in 1835 an
first scientific publication for a local newspaper on a lunar ecli
Several London papers reprinted the article, much to the de
author and the local editor. By now John was reading mathem:
and devising new solutions to the problems presented. He wa
ly preparing himself for college, not only in his studies but alse
ing the sons of local wealthy families to supplement what litt
money his family could provide. A local minister who had a Ce
University education and some competence in math helped h
in his scholastic preparation. In October 1839, John, age 20, left
bridge to take the examinations for a sizarship, a scholarship
financial assistance in exchange for work at St. John's Coll

Adams won every scholastic honor available in mﬂt!l as well as first
+7e in Greek Testament every year he was at Cambridge. During th.e:
.summeﬁ he tutored other students to ease the financial burden on kus
parents. But he firmly set aside one month each summer to be with his

In !ns student diaries, John sometimes rebukes himself for allowing
his interest in astronomy to distract him from other work. In 15.540 he
and two friends walked from Cambridge to London in 30 hours, in part
fo visit the Royal Observatory at Greenwich. In the spring of 18.41 l.m
at last permitted himself to tour the Cambridge Observatory, with its
11.75-inch {30-centimeter| Northumberland equatorially mounted revfrac?-
ing telescope. He and his friend Campbell soon returned to examine it
more closely. A few months later John Adams assigned himself an ex-
traordinary project that set the course of his life and gave that telescope
a crucial role in his future.

On June 26, 1841, Adams was browsing in a Cambridge bookshop when
he chanced upon an 1832 report by George Airy that mentioned the in-
creasing frustration of astronomers with the errant behavior of Uranus.
A week later Adams wrote a note to himself on a slip of paper:

Unlike the stereotypical gifted student, John was modest and g
He made friends easily despite the class-conscious and compe
vironment at Cambridge. Archibald Samuel Campbell was 2
take the exams and was one of Adams' first acquaintances:

He and I were the last two at a viva-voce [oral] examination; he
ice by asking me to come to his rooms to tea. I went and we
a long talk on mathematics, of which I knew enough to appreciz
great talent of my new friend. I was in despair, for I had gone up
bridge with high hopes and now the first man I meet is somethi
finitely beyond me and whom it was hopeless to think of my be:
there were many like him, my hopes of success were gone. A fi
periences soon relieved me and I knew what a wonderful man I
If I could keep near him in the examinations I should do very

1841. July 3. Formed a design, in the beginning of this week, of in-
vestigating, as soon as possible after taking my degree, the irregularities in
the motion of Uranus, which] are yet unaccounted for; in order to find
whether they may be attributed to the action of an undiscovered planet
beyond it; and if possible thence to determine the elements of its orbit, &c
approximately, whiich] woul]d probably lead to its discovery.®

St. John's College,
Cambridge University,
as it was when John
Couch Adams attended.
The first doorway to the
right of the tower led to
Adams’ rooms.

The Master & Fellows of St.
John's College, Cambridge
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John Couch Adams’
memorandum to
himself on July 3,
1841, in which he
resolved to locate,
using mathematics, an
undiscovered planet
that he thought was
causing irregularities in
the motion of Uranus
The Master & Fellows of St.
John's College, Cambridge
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Adams drove straight for his objective, He completed his unde;
degree in 1843 by taking first place in the Mathematical Tripos, a
ordeal of 12 tests, each three hours long, strewn with original
of extraordinary complexity. Only the top-ranking students,
for mathematical honors, were admitted to this examination, wh
mined postgraduate fellowships and often scientific careers, @
sionally caused nervous breakdowns in excellent students.

Adams emerged as senior wrangler, the foremost st
mathematical science, with a total of 4,000 points. Francis Bashforth
went on to assume an endowed professorial chair in mathemal
ished second with fewer than 2,000. There was a greater gap
between Adams and Bashforth than between Bashforth and
of the candidates who took the exam. Campbell, by now A
friend, placed fourth. Adams followed this honor by winning
Smith's Prize, the university's top award in mathematics. He
elected a fellow of St. John's College.
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i and Adams was anxious to begin work
/ e sir;?fn?.flisf }?;;e felt obligated to his parents because of
onthe Ur'a{ms l;;r his education, so he spent as much time as he could
their sacrifices ts and sending the money home to repay his family and
‘ sj(udte;le education of his two younger brothers. Onl.y his vaca-
s allocated to Uranus. Nevertheless, in the spring of 1843
‘tion ﬁmee:a his project to James Challis, director of the Cambridge Obser-
beouth:nd received encouragement. Y
' oblem that John Adams was attacking was so difficult that most
i s had written it off as insoluble or, at least, too much of
mamemah?ti:miheir time and careers. Adams didn't know it, but George
3 e onomer royal, was already firmly on record that the mathe-
Anc, thei!:lt; not be done. When noted amateur astronomer Thomas J.
P r'l':iad enthusiastically written to him in 1834 that the perturba?-
Husself,Uranus pointed to the existence of an outlying planet whf)se_ posi-
qgmso_ t be calculated, Airy strongly discouraged the idea, insisting
3 :glfl;otion of Uranus was still much too poorly kfiown to point
toward a planet. Even if an outlying planet was dlstur}alng Uranui _he
doubted that mathematics could calcu.late the planet’s position. 1rli
counseled waiting a few centuries until the planet @mpleted.sw§ra
revolutions. And, with characteristic obstinancy, Airy kept his mind

1t was nOW

Yet m.ry had been senior wrangler and First Smith's prizemar.: at Cam-
bridge in his college days, then professor of astronomy and du?ctor of
the observatory there before his appointment as astronomer royal in 1835.

James Challis, who succeeded Airy as Plumian Professor of‘ Astronomy
and director of the Cambridge Observatory, had also been senior wrangler
and First Smith's prizeman in his time (1825). Yet Challis privately saw
no hope in finding a planet based on the motion of Ura;ms._As hle ex-
plained later, it was "so novel a thing to undertake observations in reliance
on merely theoretical deductions . .."* )

Throughout this period, France and Germany produced a succession
of noted mathematicians, but no one, until 1845, saw any promise in at-
tacking the problem.

In the standard gravitational problem, it was possible, knowing the
existence of Uranus, to calculate the gravitational disturbance it would
cause in the motion of Saturn. The relative distances of Saturn and Uranus
from the Sun were known. The relative mass of Uranus was known from
the revolution of the first of its moons to be discovered. The positions
of Uranus and Saturn in their orbits were known from observations and
hence the distance and direction from which the gravitational force of
Uranus would be exerted. Using these factors to calculate the perturba-

Adams’ First
Assault

James Challis, director
of the Cambridge
Observatory

Royal dreenwich
Observatory
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tion in Saturn's motion caused by Uranus was tedious and
but it was straightforward, thanks to Newton.

What Adams had to do was to solve the problem in reverse
irregularities in the motion of Uranus, Subtract the perturbati
by its moons and by Jupiter and Saturn. Now use the rema
larities to deduce exactly where the disturbing force is comin
fast and along what path that body is moving, how far away
how massive it is. It was an intimidating project. If the distur}
coming from a more distant planet, that planet would also
around the Sun and therefore its distance and position with
Uranus would be constantly changing. Thus the direction and ;
of its gravitational force would always be changing too. Ne
calculate the position, orbit, and mass of the disturbing plane
sure that the unseen object moves along its path so that it cause
the perturbations recorded in the motion of Uranus at
throughout its observed history. .

Of course, the farther away the disturbing body is, the mo
it must be to cause those perturbations. But there is no way of
the distance or mass of the disturber at the beginning. So start by
a distance. Adams did the obvious and picked 38.4 astrono
twice the distance of Uranus and in good agreement with 1
tion of that mysterious but thus far effective Bode's Law.? Nex
sider that the undiscovered body does not travel in a perfectly g
orbit, so refine the calculation to take into account the unseen p
elliptical path. Finally, use the calculated orbit for the new planet
where it can be found in the sky for confirmation by tele

To handle all the simultaneous variables, the problem requi
vention of a new form of mathematical analysis. There we
people capable or willing to face that challenge.

By October 1843, at the age of 24, Adams had produced a pr
solution of the problem that confirmed the existence of a plar
Uranus. He shared the results with Challis and asked his help in
ing the best and latest positional observations of Uranus from t
wich Observatory so that by mathematics he could pinpoint
unseen planet could be found. Challis wrote to Airy, the as )
on February 3, 1844, to say that Adams was working on the Ura
lem and to request the data Adams needed. Airy responded
with a wealth of information and an invitation for Adams to
directly.

Adams continued his efforts diligently as time permitted,
slowed by his tutorial workload. The Géttingen Academy of

offering a prize for the best mathematical paper on Uranus and Pxt
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s Hallowes Miller urged him to enter, but Adams didn't have the
te up his work in progress. ) .
el mer of 1844, Adams was working fitfully on his second
By t!;e suhT h attempted to merge the best current Greenwich obser-
analys's :\' Ur:nus with the old prediscovery plottings and to determine
: : 3 ] rather than a circular orbit for the disturbing planet.
mdhpm.aSe tember 1845 he had completed his new solution to the
mdmhpl’em. He could not know it, of course, but the position he
““"‘.“seg for the unknown planet was accurate to within 2 degrees.
?1 he gave his results to Challis, including the predic‘ted position—
and from that moment and for the next two years everything that could

wrong with Adams’ professional career did.
g

i ssessed excellent mathematical credentials himself, knew
?hs’mamwgt;c;ppgtaticn for brilliance. Here, confronted with emphatic evi-
dence of Adams' skill, Challis might have immediately undgrtaken a
telescopic search or at least advised the young man to pl{blish his resu.lts‘
He did neither. Instead he suggested that Adams send his results to Axry
Since Adams was about to leave on his monthlong visit home to see his
family, Challis provided a letter of introduction so that Adams could
deliver his findings to Airy personally.

Adams arrived at the Greenwich Observatory at the end of September
and found that Airy had gone to Paris for a meeting of the French In-

Response from
Above

Royal Observatory
Greenwich about the
time that John Adams
tried to deliver his
calculations for a trans-
Uranian planet to
George Airy

Royal Greenwich
Observatory
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stitute on a harbor-improvement project for the port of Che

Adams left his letter of introduction and went on to Corn

return from France, Airy wrote Challis that he was sorry to
Adams, that he was very much interested in the subject, and
welcome correspondence. d

Adams returned to Greenwich on October 21, 1845, on hi
to Cambridge. It was early afternoon, and Airy was in London
on the standardization of railway track gauges for Britain, B
expected back soon. Adams left his card and a short state
results, saying that he would return later. The card was probably
to Mrs. Airy, who may have forgotten to pass the message tg
band. Richarda Airy could have had a lot on her mind. A
she gave birth to their son Osmund.

Airy returned soon after Adams left, and at precisely 3:30in |
noon he and his wife sat down to dinner. It was Airy's uniq
publicized custom to have dinner in the middle of the afternoor
his doctor had prescribed this ritual for his supposedly frail p
lived to age 90). |

Adams returned an hour later, as promised, with the hope of
the astronomer royal at last and discussing what he had accon
He was met at the door by the butler. Dr. Airy was at dinner a
not be disturbed. No, the astronomer royal had left no mess
young man. What could Adams think? Airy knew his name
respondence with Challis. Airy had his letter of introduction fron
Airy had the summary of his research. The visitor had timed h
to be far from the traditional dinnertime or even teatime. Adams]
ly disappointed.”

The astronomer royal may have been unaware of Adams’
in his three thwarted visits, but he was in possession of Adams'
The astronomer royal was unimpressed. His attitude toward A

probably compounded of two factors: his dislike of the theo
proach to scientific research and his snobbishness.

Despite his considerable mathematical abilities, Airy thou
astronomy and all science should proceed by collecting obse
then using mathematics as the language to express the findings.
cedure should not be reversed; mathematics should not be u ]
toward observational breakthroughs. Such a theoretical appro
just playing with numbers. A mental game with no basis in 1.

waste of time. He distrusted and even intensely resented such &

Airy's unresponsiveness to Adams was also a product of tl
bishness he had cultivated from his youth. In his view there w
kinds of people in the world: those who had succeeded and
had not. Successful people were potentially of use and there
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who had not succeeded or had not yet succeeded (such
ing. Those were of little use and therefore not worthy of

k later, Airy showed Adams' note summarizing
deﬁsﬁ]?;:n\’]\;i;er Dawes, a clergyman, physician, and extreme-
‘s results t© i observer. Dawes was impressed, but perhaps because
y skillul sm-mel:nd furnishing his new observatory, he did not under-
-hew“smcmfimseif_ He did, however, pass the information and the
ks a seafCt[ ted position along to William Lassell, a successful brewer
' L :rppredloo 5 i] tfle builder of a 24-inch reflector—the largest opera-
in L 1 EJ; at that time in England. Dawes recommended that Las-
o telesﬂ;l:e roject. Lassell would have liked the challenge, but he
il e o d topbed with a severely sprained ankle. Before he could
e mzfj:iserving, the letter had disappeared and Lassell lost the
return to 05
wn:?:};ry positive reaction to Adams' work impressed Airy not at
D;':e astronomer royal, compulsively orderly and Prompt, who i'xlways
ﬁswered his mail immediately, remained so negative to Adams' work
that he delayed his response to Adams' paper. On November 5, 1845,
e than two weeks after Adams had been turned away from his door,
T finally replied to the young man with a rejection in the form ofa
o ion. Referring to Adams' calculations as assumptlon_s, Airy asked
whether Adams' work could explain why Uranus was 'Sllgi.ltl)f father
from the Sun than previously calculated. F.mm Adam:v. point of we‘i\::i
the question was trivial and besides the ‘pomt. Adarps research cou
specify the location of the planet disturbing the motion .of Uranus. Re-
cent observational data had shown that Uranus was moving more slow-
ly than expected. According to Kepler's third law, the slower a known
planet moves, the farther it must be from the Sun. But the problem at
hand was the location of the planet disturbing Uranus. The observ.ed mo-
tion of Uranus, whether slow or fast, formed the data from which the
location of the disturbing planet was calculated—and this was what
Adams had accomplished. Airy's question was essentially. irrele}rant,
What was apparent was that Airy had completely and inexplicably
misunderstood the essence of Adams' work. Adams had caqu..‘atf:d the
planet's existence from royal observatory data that Airy had furms}}ed.
He had not assumed that the planet existed and guessed at a Posmble
orbit. Airy knew this from the letter of introduction that Challis wrote
for Adams, which emphasized that the young man had calculated a planet
beyond Uranus using observational data that Airy himself had funushec.l.
The letter also acknowledged Adams as a very competent mathemati-
dian. Airy must have read Adams' summary in a most cursory manner.
As he looked at Airy's reply, Adams saw no flicker of recognition or
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interest in his project, which the astronomer royal had known
a year and a half. There was no offer to undertake a search
no suggestion that his work was worth publishing. With no
a search expressed by Challis or Airy, Adams was uncertain h
ceed. He didn't respond immediately to Airy's inane question.
he resolved to rework his calculations to get a prediction so i
that it could not be ignored. i
Adams' failure to reply immediately gave Airy just the excuse
to drop the matter: "Adams' silence . . . was so far unfortun
interposed an effectual barrier to all further communication. It
impossible for me to write to him again.""!

On the
Continent

The erratic motion of Uranus bothered French, German, and ot}
pean astronomers no less than the English. The dean of |
astronomers was Jean Dominique Francois Arago. He was pop
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GEORGE BIDDELL AIRY: ASTRONOMER ROYAL

Young George was not popular with his classmates
at school because, he said, he had very little “animal
vitality.” He was also snobbish and conceited. But
his classmates endured him when he created useful
gadgets for mischief such as peashooters.

At the age of 12, George, already concerned for
his own advancement, conspired with his mother's
brother, a wealthy and well-educated farmer, to
adopt and hide him from his family without in-
forming them so that he would have better social
contacts. His father, depressed over the loss of his
job with the tax office, declined to block the
arrangement.

At the age of 18, Airy was off to Cambridge
University with a scholarship and a very high opin-
ion of himself. He made no friends, and professors
judged his abilities to be limited, but Airy worked
doggedly and carried off the two big science and
mathematics prizes as senior wrangler and First
Smith's prizeman in 1823. He thought well enough
of himself by this time to write his first
autobiography.

Just as meticulously as he recorded his younger
days, so he carefully plotted his future life. He kept

pecause of his clear, enthusiastic, and engaging way of explain-
s popular with astronomers because he liked to iden-
ientific problems and pass them along to young
lution. He would then encourage and assist them with
ht and his encyclopedic knowledge of the scientific literature.

the summer of 1845, Arago urged Urbain Jean Joseph Le Verrier
I;he on the problem of the motion of Uranus. Arago was a shrewd
o e lent who could pair the scientific difficulty of a problem with

Le Verrier, like Adams, had come from a family of modest means in
:nces. He was born in Saint-L6 in Normandy on March 11, 1811.
His father, an estate manager, did all he could to foster his son's intellectual

its, and Urbain responded by reaching the top of his class at high
school in Caen. He then took the highly competitive exam for the Ecole
wechnique in Paris, but there were gaps in his provincial education

Urbain Jean Joseph
Le Verrier

Royal Greenwich
Observatory

a complete daily record of his acti
thoughts. His financial accounts were p
kept by double entry throughout his i
regarded their keeping as one of his g
He never destroyed a document and pre:
his old checkbook stubs, bills, and re
merchants in chronological order. A col
Cambridge quipped, "if Airy wiped his
piece of blotting-paper, he would duly en
blotting-paper with the date and partic
use, and file it away amongst his papers.”

As a fellow of Trinity College in 1824,
sights on the position of astronomer
refused to accept an assistantship at
Observatory because assistants had not
ly been promoted to the post. Instead he
way upward through professorships at Cs
campaigning successfully for higher pay

George Biddell Airy, astronomer royal
Mational Maritime Museum Greenwich

he received the call he expected as the seventh
astronomer royal. He immediately set to work
restructuring the Royal Observatory in his mold.
Airy was an organizer rather than a scientist.?
!George Biddell Airy, Autobiography, edited by Wilfrid Airg
At the University Press, 1896), p. 2.

*This story, told by Augustus De Morgan, appears in E.
The Royal Observatory G ich (London: Religious'
1900}, pp. 116-117.

-
mlxg!n"ﬁ Bi G o i

8 . "George Biddell Airy," Dictionary of Scientific Biography
[New York: Charles Scribner's Sons, 1974,

Under his direction the Royal Observatory was a
superb servant of the Navy, providing tables for
celestial navigation of improved precision. Green-
wich expanded into meteorological and magnetic
record keeping. But among staff members, Airy
tolerated no independent thought or research.
Observers were often required to work 21 hours
straight. Young boys hired to do arithmetic calcula-
tions were kept at their desks for 12-hour shifts
with no breaks except for one hour at midday.
Morale was poor. But Airy's efficiency and disci-
pline at the Royal Observatory were admired in
England and copied by many other countries,
which led years later, particularly in England, toa
conspicuous lack of creativity in observational
astronomy.

Airy declined knighthood three times, complain-
ing about the initiation fees and the cost of main-
taining the expected life-style, but finally accepted
the honor in 1872. He retired as astronomer royal
in 1881 at the age of 80 and spent his remaining
ten years filing (but not organizing the contents of)
his papers.
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Francois Arago, director
of the Paris Observatory
Royal Greenwich
Observatory

and he was not admitted. Urbain's father thereupon sold the
for cash to enroll his son in the Collége de Saint Louis in P
tional preparation in 1830. Urbain rewarded his father's sa
winning the annual mathematics prize sponsored by the Ecole p
nique in 1831 and gaining admission to the school. He was n
below the first rank of scientists. He graduated with highest
wide range of scientific interests, and a reputation for te

His first job was with the Ministry of Tobacco. He had deg
career in chemistry, and his objective was to work with reng
Joseph Louis Gay-Lussac. Le Verrier fell so in love with Paris an
wife that he left government service two years later rather th
the usual tour of duty in the provinces. He spent a year t
then rejoined Gay-Lussac when his mentor was appointed to
Polytechnique faculty and created an assistant's position fo

Le Verrier's first published papers were in chemistry. Gay:
talent there, but even greater skills in mathematics. When
ship in astronomy opened at the Ecole Polytechnique in 1837, he
for Le Verrier to be appointed and encouraged his colleague,
old, to switch fields. Le Verrier did, studying astronomy
characteristic ferocity and applying his mathematical incisi
He worked extremely hard so that his initial publications in
would be worthy of his distinguished predecessor Félix
mentor Gay-Lussac, and of his own high standards. Le Verrier
papers showed extraordinary analytical powers, and he was
(as most promising young scientists were) by Arago in 1840,

Arago gave him the problem of the motion of the planet Merei
was always ahead of where its calculated orbit predicted i
Le Verrier worked on the problem for three years and expla
of the variance as perturbations caused by other planets. Buth
with a small discrepancy that he could not explain.

With the Mercury problem initially intractable, Le Verrier
attention to cometary orbits with great success. In June 1845,
proached him again—this time with the most difficult and
puzzle facing contemporary astronomers: the motion of Urani
rier was now 34, eight years older than Adams. He was alread
tionally known for his mathematical analysis of astronomical

Le Verrier began with an exhaustive analysis of the motion
as presented in Bouvard's Tables. On November 10, 1845
presented to the Paris Academy of Sciences the first of three
Uranus. It dealt exclusively with old and modern obse:
demonstrated that they were irreconcilable—there really wasi
with the planet's motion, not with the quality of the obse:

yould, he
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announced, analyze those outside causes in a second paper
inted out that Bouvard was wrong in ignoring the posi-
. § Uranus observed prior to its recognition as a planet. o
tons o ber 10, 1845, while Le Verrier was giving his preliminary
e ect that Arago had encouraged him to undertake, Adams

Wb ¢ roj . )
7 oﬂgﬁig hijs astronomer royal's most discouraging response to his
mreﬂe n of where a new planet could be found.

t intentional or careless, was compounded a few weeks later

'ﬂemsulvisned Challis at Cambridge University. Neither Challis nor

when Aide Adams to meet Airy at last and discuss his work with him.

mmvlt;ﬂe in France, Le Verrier was hard at work preparing his sec-
: i n'Uranus. He presented it to the Paris Academy of Sciences
M_papell' c;34,6, This paper demonstrated that the irregularities in the
m]mof Uranus could be induced only by an unknown planet farther
me Sun. What had been suspected now hac! a solid mat‘rfematical
basis that had been announced to a wide scientific r:‘o‘mmumtly. .
Le Verrier then wenton to calculate the planet's position, endmg ‘with
the hope that “we will succeed in sighting the planet whose position I
iven.”'? The academy praised this new analysis, but to Le

ms ailazement. no one offered or even suggested that a search

h dertaken.
@Ai‘;lydx;:i:ed a copy of Le Verrier's second paper on June 23 or ?4,

1846. He immediately noticed that Le Verrier's prediction agreed to with-
in one degree of Adams' ""To this time," wrote Airy, "1 had con31derfad
ﬁﬁt there was still room for doubt of the accuracy of Mr. Adams's in-
iestigaﬁons ... But now I felt no doubt of the accuracy of both
calculations . . .""** )

' Airy responded immediately with a letter to Le Verrier expressing en-
thusiasm and delight. Le Verrier was eight years older than Adams and
an established scientist. He was worthy of notice. Airy's response was
also in character, wrongheaded and neglectful. Had Le Verrier considered
the possible need to modify the length of the Uranus radius vector the
Sun-to-Uranus distance)? It was the same inane question he had asked
Adams. But Airy didn't bother to mention that Le Verrier's fine work had
been matched eight months earlier by a young mathematician at Cam-
bridge. And, of course, Airy did not bother to share his "delight and
‘satisfaction” with Adams.

Airy must have been even more impressed than his reply to Le Verrier
indicated, because three days later, when the Board of Visitors (the com-
mission that conducted periodic inspections) of the Royal Observatory
convened at Greenwich on June 29, Airy proclaimed "the extreme prob-

43

Airy Begins
to Move
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ot the message, and three days later, on July 9, he wrote
Aury i to request an urgent search. Presuming Challis' answer
James Chamsﬁve because such a project would likely be time-consuming
GouklbencEs 75 o an assistant from the Royal Observatory to help.
. Algl.-:id Airy, was "almost desperate,” neglecting to acknowl-
‘l‘hesituau;n'had delayed a search for nine months.
edge g elater without waiting for Challis to reply, Airy wrote again,
Four days dinrg him a complete set of instructions for the search.
ing except emergency unpostponable observations should be allowed
thhmgl ervene, said Airy, because "the importance of this inquiry exceeds
Ea.tofﬂnlf' ::urrent work . .." . . g
Challis was away from Cambridge wh_en tl}e lettf:rs arrived. When he
returned, he was of course offended by Ms imperious and condescend-
mam;er‘ In his reply of July 18, Challis told Airy Lhaft he had al‘ready
decided to look for the planet himself and therefore declined an assistant.
It made sense for the Cambridge Observatory.. rathe'r the}n the Greer%—
wich Observatory, to conduct the search. Greenwich pmﬁy l-{ad transit
telescopes, which could pivot up and down but not side to side. They
were locked into position along the meridian so that they could observe
exactly when a star, planet, the Moon, or the Sun crossed the north-south
Jine for purposes of calculating time, longitud'e, and orbits. The Cam-
bridge Observatory had the 11.75-inch {3(}4cent1rneter}_Northumberlaf'ld
Telescope, equatorially mounted so that it could }Je aimed at any po.mt
in the sky and with more than enough light-gathering power for this kind

of search.

ability of now discovering a new planet in a very short time .,
confident because Adams' and Le Verrier's calculations of
of the planet disturbing Uranus coincided so closely. Still Air
effort to notify Adams, nor did he bother to authorize a sear. h
on this board, hearing these words, were James Challis ¢
Herschel ' ]

Upon hearing this news, Challis behaved inexplicably. Instea
recognizing the opportunity that had been staring him in th
year, instead of starting a search on his own, Challis now lost
little interest he had in the matter and what little confidence h
Adams' predictions. Perhaps he thought that Airy had pree
project.

Le Verrier received Airy's reply on June 28. Since he had
Airy only a few times previously, he was impatient rather
couraged. He immediately informed Airy in firm icy tones
tronomer royal's question was irrelevant because his calcula
with perturbations on Uranus and where they were coming
the exact distance of Uranus from the Sun was corrected
matically.” Having dismissed the astronomer royal's obje
rier went on to offer to send specially calculated position pre
simplify the quest for the new planet if Airy had "“enough
in my work to search for the planet in the sky .. ." Airy
offer on July 1 and again responded immediately. He decline
rier's offer because, he said, he was about to leave for busin,
continent. His trip was actually scheduled for August 10, five ang
weeks away. ]

The next day Airy again visited Cambridge University. He
company of visiting astronomer Peter Andreas Hansen, dir
Seeberg Observatory near Gotha, Germany (which Zach had
build and had directed). Despite Le Verrier's recent letter an
his own statement to his observatory's Board of Visitors that the
motion of Uranus would soon lead to the discovery of a new
astronomer royal made no effort to contact or meet with Ad
pened anyway, but accidentally. That evening Airy and Han the background stars.
countered Adams on St. John's Bridge. Airy introduced Adams to] On July 29, 1846, Challis began his search, resigned to the prospect
but was very cool and made no mention of Adams' calculatior of along, tedious, and fruitless task because mathematics was no way
new planet. He cut off the conversation after about two mi o find a planet. Placing no confidence in the quality of Adams’ or Le
moved on. Verrier's calculations and ignoring Adams' advice that the planet should

A few days later, on July 6, Airy spent some time at Ely wi show a disk, Challis agreed with Airy that it was useless to concentrate
Peacock, his old professor at Cambridge, and the subject of U on the positions that Adams and Le Verrier had predicted. Instead he
broached. Airy told his mentor about his correspondence.

; : Prepared to search a swath of sky 30 degrees long and 10 degrees wide—
dumbfounded by his former student's negligence and urged 15 degrees to the east and west and 5 de grees to the north and south

this time sen

But for the next week and a half Challis did nothing. Then, late in July,
Challis told Adams of the projected search. Adams provided updated posi-
tion predictions for the planet and gave Challis very encouraging news:
The planet should be large enough to show a disk. Thus a careful observer
would be able to recognize the new planet as other than a star without
having to wait a day or so to see if the suspected object moved among

Challis Begins
to Act



46

PLANETS BEYOND

Final
Predictions

of the predictions. Challis’ plan was to sweep this region steadily, ;
ing all but the dimmest stars, and then to return to that region a f
later to reexamine each star to see if one had moved. Such a searc
require mapping at least 3,000 stars and would consume at least 30
of telescope time—approximately eight straight weeks of good
ing weather. This was the only way, unless he was to value th
of Adams and Le Verrier and concentrate his search on the regig
sky where they predicted the planet would be. If he had, his effo
have succeeded within a few nights.

On August 12, 1846, two weeks into his search, but on only
night of acceptable observing conditions, Challis and his as
corded in his notebook the new planet almost exactly whe
predicted. But Challis failed to recognize his target.

Le Verrier's second paper, identifying an outlying planet as the
of Uranus’ peculiar motion and predicting its position, circulate
ly. Sears Cook Walker, a young astronomer at the United State:
Observatory in Washington, DC., read of Le Verrier's work and p
to search. But Matthew Fontaine Maury, superintendent of the
vatory, rejected the proposal because of his facility's heavy s

Le Verrier kept pushing forward. On August 31, 1846, he presen
third and final paper on Uranus to the Paris Academy of Scienc
time laying out the orbital elements, the mass, and the position
planet that was disturbing Uranus. His refined positional cal
fered only slightly from his previous prediction. The planet, he sa
about 5 degrees east of Delta Capricorni. To encourage a search,
rier stressed that the planet was just past opposition—closest
and visible almost all night long. The planet was big enough t
disk, so that a long, tedious mapping of stars would not be nec
He received polite applause from his scientific audience and, once a
not a single offer to search for the planet from any astronomer, no
his champion Arago.

Adams did not know of Le Verrier's third paper when, on Se
2, he sent Airy his sixth solution to the problem, refining a little!
ther his prediction of where the disturbing planet would be foun
calculation explicitly included a correction for the distance of
from the Sun, the matter about which Airy had previously express
cern. Airy was now actually away on his trip to the continent, and .
received a mindless reply from Robert Main, Airy’s chief assista
fering more observational data on Uranus.

Adams now at last resolved to lay his work before the scienti
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- He decided to present his findings at a meeting of the British
m‘-‘mt?'tion for the Advancement of Science in Southampton in mid
te:lnabeﬁ But when he arrived on September 15, he found that there
had beena confusion in the conference announcement. The astronomy
ion had already concluded, and there was no other appropriate forum
seﬁhjm. The irony was overwhelming when Adams heard that John
H;'SChel had opened the conference with his valedictory address as presi-
£ the association by heralding the prospect of a new planet: "Its

o SR
dmenm:ements have been felt . . . with a certainty hardly inferior to that of

ocular demonstration.”** ) )

In France, Le Verrier was also frustrated. His countrymen praised his
mathematical virtuosity, but no one was willing to invest time in a search
for the planet. Airy in England had declined to search, as far as he knew.
Then Le Verrier remembered a doctoral dissertation he had received from
ohann Gotifried Galle, an assistant at the Berlin Observatory. Almost
ayear had passed and Le Verrier had failed to acknowledge the gift. On
September 18, 1846, Le Verrier picked up his pen, praised the young
astronomer, and enclosed his position predictions for the new planet with
the request that Galle attempt a search.

The letter reached Galle on September 23, 1846. He rushed into the of-
fice of Johann Franz Encke, the director of the Berlin Observatory, to
request permission to use the institution’s fine 9-inch (23-centimeter)
refracting telescope for the project. It took considerable pleading before
Encke gave way. It was Encke’s birthday and he intended to celebrate
at home with his family, so he had no personal plans for the telescope
that night.’®* Heinrich d'Arrest, a young graduate student at the obser-
vatory, overheard the discussion in progress, boldly joined in, and begged
tobe allowed to help. ""Let us oblige the gentlemen in Paris,"" said Encke
finally, and departed.'?

Galle and d'Arrest could scarcely wait for nightfall. They opened up
the observatory dome and started looking for the new planet. As d'Arrest
stood by, Galle searched the region around the position specified by Le
Verrier—right ascension 21 hours 46 minutes, declination —13 degrees
24 minutes—in hopes of identifying the planet by its disk. But the planet
Wwas not immediately evident in the field of view and in surrounding fields.

Then d'Arrest suggested that they use a star map and compare stars
inthe sky with those on the chart to find one that wasn't plotted. Galle
Wwas reluctant. The star maps he had been using (such as those by Carl

Ludwig Harding) were not very reliable. Nevertheless, there seemed to
be no other choice.

Johann Galle

Berlin

Johann Encke, director
of the Berlin
Observatory
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The Berlin Observatory
as it was about the
time that Neptune was
discovered

Galle and d'Arrest hunted through the map files. There, to their de
they found an excellent new chart of the region in Aquarius th
needed. They had not known that this particular map existed. P
by Carl Bremiker, their own observatory's staff mathematician and
maker, this chart was a product of the Berlin Observatory's invo|
with other German observatories in a full-sky mapping proj
augurated in 1830 at the urging of Friedrich Wilhelm Bessel to he
the search for more asteroids. (No new minor planets had been di
since 1807.) Bremiker's chart of Hora XXI (right ascension hour 21
one hour to either side) had been printed earlier that year but had}
yet been released for distribution, possibly so that the Berlin Obs
could enjoy a temporary advantage.'®

The two astronomers went back to work: Galle with his eye
telescope, calling out each star in his field of view; d'Arrest off in 2
ner with a dim lamp shielded from Galle's eyes, matching each
it was announced with one of the right position and brightness on the mé

"“On the chart,” he would respond. Galle would call another.
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uOn the chart,” d’Arrest would say again.

Galle moved the telescope slightly to widen the search by one degree
and resumed calling.

#On the chart,” came the answer.

"Right ascension 21 hours 53 minutes 25.84 seconds; magnitude 8"
said Galle.

“That star is not on the chart,” said d'Arrest.

They had examined only a few stars. It was under an hour since they
started observing. The object was less than one degree from where Le
Verrier had predicted.*”

They ran to find Encke, breaking up the birthday party. The three of
them observed until the early morning hours when the object set, but
they could not yet be sure that it was moving against the background
stars, nor could they be sure that it showed a disk.

Encke joined Galle and d'Arrest for the commencement of observing
the next night, September 24, 1846. The observing conditions were even
better than the night before. The first look told the story. The object had
moved. Moveover, it displayed a tiny disk, just as Le Verrier had predicted.

Galle sent notification to Le Verrier the next morning, September 25,
beginning exuberantly, “The planet whose position you have pointed out
actually exists."* Concluding his praise for Le Verrier, Galle suggested
that the new planet be named Janus,

Meanwhile, Encke began notifying the German astronomical communi-
ty, with credit for finding the planet to Galle and himself, while omit-
ting acknowledgment for the graduate student d'Arrest.

Star map by Carl
Bremiker that Johann
Galle and Heinrich
d’Arrest used to find
Meptune. The position
circled is marked
Neptun beobachtet
(“Meptune observed”).
The position with a
square around it is
labeled Neptun
berechnet (“"Neptune
calculated”).

Archive of the Archenhold
Observatory

The Berlin Obser-

vatory’s 9-inch refract-
ing telescope with
which Johann Galle and
Heinrich d'Arrest found
Meptune, based on the
calculated position fur-
nished by Le Verrier.
The telescope is now on
display at the Deutsches
Museum in Munich.
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News of the planet's discovery reached Airy while he was still g
continent, returning the visit of Peter Andreas Hansen at the Sg
Observatory he directed near Gotha. It was September 29,
before the news reached England. Airy’s reaction was not reci
Meanwhile, in England, James Challis was plodding along
search assigned to him. On September 29, 1846, he finally re
copy of Le Verrier's third paper on Uranus, giving the positio;
unknown planet and the prediction that it would exhibit a disk
had ignored that suggestion when it came from Adams but now h
looking for the disk. That very night, he found an object with a
noted its position, but didn't bother to follow up—to examine th
at higher magnification to be sure. Perhaps the next evening.
At dinner on September 30,%' Challis mentioned the search
disk he thought he saw to the Reverend William Towler Kingsley o
Sussex College. Kingsley surprised Challis with his great excitemer
asked to see it for himself at a higher power. Challis proposed a lo
dinner. They reached the observatory building, which also served;
Challis home, under clear skies. When they arrived, Mrs. Challis
on serving them tea. By the time they finished their refresh
sky had clouded over. The days that followed, Challis felt, wi
the Moon interfering with observations in that part of the sky, sonog
vations were attempted. X
On October 1, 1846, the Times of London announced the
of the new planet, confirmed by John Russell Hind, an observer
don, who found it easily with a 7-inch (18-centimeter) telescope des
the moonlight and hazy skies.
Challis reexamined his records and found that he had seen ]
planet twice in his first four days of searching but had not rec
it. In a letter to Airy, he confessed: "after four days of observing, th
was in my grasp, if only I had examined or mapped the observa
He had seen it again as a disk on September 29.

tudes had named the planet Neptune. It was not true. The idea was

Verrier's. He may have mentioned it to friends of his at the bureau
B officially thought the name a good one, but the bureau had no
:flgzirjnrole in assigning astronomical names. Le Verrier was content that

he had headed off Galle's proposal with one that seemed to carry the

weight of authority.
But during the next few days Le Verrier had a change of heart. He de-

cided that the planet should be named after himself. Yet he had already
sent out notifications of his previous choice of the name Neptune to a
qumber of astronomers. How could he undo this damage?

He went to see Francois Arago, the dean of French science, his friend,
and the man who had sent him on the quest for this suspected planet.
Arago was reluctant at first. He thought Neptune was a sensible name.
But he was so impressed with Le Verrier's work that he agreed, on one
condition: He would propose and urge the adoption of Le Verrier as the

et's name if the name of Uranus could be changed to Herschel fthe
name the French had originally proposed when Uranus was discovered).

It was a shrewd political approach. It was also very awkward and
unseemly. Le Verrier's collected papers on Uranus, nearing publication,
received a new title: Recherches sur le mouvement de la planéte Herschel
(dite Uranus) (Research on the Motion of the Planet Herschel [called
Uranus]), but the text of the article was too far along for alteration and
used the name Uranus exclusively. Le Verrier appended a note: “In my
future researches, I shall consider it my strict duty to eliminate the name
Uranus completely, and to call the planet only by the name Herschel.”
On October 5, Arago announced to the Paris Academy of Sciences that
Le Verrier had invited him to name the new planet and that he had chosen
the name Le Verrier. He made the best possible case for this choice in
an emotional speech. Comets were named after their discoverers. Why
not planets, which are much greater discoveries and particularly this
planet, found by such “an admirable and unprecedented method." So
the planet Uranus ought to be called Herschel, and the asteroid Juno ought
to be Olbers (to satisfy English and German pride). Such names, he
argued, represented legitimate patriotism.

The idea was harshly rejected by the international astronomical com-
munity, which had already informally adopted Le Verrier's original sug-
gestion of Neptune. For the moment, the most serious problem had
become the name for the planet.

Le Verrier and his admirers strutted their victory for the glory of France.
Letters poured in. H. C. Schumacher’s comment on Le Verrier's work
was typical: "It is the most noble triumph of theory which I know of."?

In Paris, Le Verrier was soaking up the adulation and pondering az
for the planet. On October 1 he wrote to Galle: "I thank you e
for the alacrity with which you applied my instructions to your
vations of September 23rd and 24th. We are thereby, thanks
definitely in possession of a new world."#

But Le Verrier was annoyed by Galle's suggestion of the na
That was trespassing on the discoverer's right to name the plan
appended a postscript to the letter stating that the French B
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The English
Claim

John Herschel

Courtesy of Special Collec-
tions, San Diego State
University Library

Little did the French expect that the English were about to rain
parade. John Herschel wrote to set the record straight and give
appropriate credit. Airy and Challis wrote to exonerate them
to stake out their places in history.

On October 3 an article by John Herschel appeared in the
ly magazine Athenaeum. After congratulating Le Verrier, He
his speech three weeks earlier at the meeting of the British A
for the Advancement of Science in which he forecast that the DI
planet would soon be found. Just one such calculation would N
given him the confidence to make that prediction, he explained,
heard from Airy that Adams had made a similar calculation e

But it was known to me, at that time, (I will take the liberty to ei t
Astronomer-Royal as my authority) that a similar investigation had
independently entered into, and a conclusion as to the situation of
planet very nearly coincident with M. Le Verrier's arrived at lin
ignorance of his conclusions), by a young Cambridge mathemati
Adams—who will, I hope, pardon this mention of his name (the
ing one of great historical moment)—and who will, doubtless, in h;
good time and manner, place his calculations before the public.

On October 5, Challis wrote to Arago to say that he had be
ing for the new planet since July 29 and that, upon receiving Le’
third paper on September 29, he searched for and found that n ight 3
with a disk—prior to his hearing about the Berlin Observatory
six days earlier. Challis was trying to grab a bit of the fame for h

What Challis omitted from his letter says much about his
He did not mention that the search that he began on July 29
on Adams' computations. In fact, Challis made no mention of
and his work at all. Challis also neglected to admit that he had se
planet twice previous to its identification at the Berlin Observat
had not bothered to check his work and therefore failed to reco
planet. He also failed to mention that he had not bothered to p
identify the new planet when he saw it on September 29.

While the astronomers involved were congratulating or posi
themselves, other observers were examining the new object.
Lassell, the brewer and amateur astronomer who might have di
Neptune a year earlier if he had not been incapacitated by an

jury and if his copy of Adams' position predictions had not b
went to work examining Neptune with his 24-inch (61-centimeter
tor. On October 10, 1846, two and a half weeks after Neptune was
Lassell discovered that Neptune had a moon. But before this moos
be positively confirmed (there weren't many other telescopes
of seeing so faint an object), the Sun intruded too close to the
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.« in the sky for favorable observation. The moon of Neptune, now
P"ﬁ“mi I,;Hton, was not confirmed until July 1847.

ctober 14, 1846, it was Airy’'s turn to stake out his position. He re-
031 . he was trapped and was trying to shape the circumstances to his
best advzntage- He began his letter to Le Verrier with effusive congratula-
tions. Then came the bombshell:

I do not know whether you are aware that collateral researches had been
going on in England and that they led to precisely the same results as

yours.

Of course, Le Verrier didn't know of Adams' work. Dt:'lring his cor-

dence with Le Verrier on Uranus and its unseen dlstfn‘ber, Airy
;‘fd deliberately withheld mention of Adams. Then Airy tr_1ed to have
his cake and eat it too, and in so doing, he committed another inexcusable
denigration of Adams' work.

I think it probable that I shall be called on to give an account of these. If
in this I shall give praise to others, I beg you will not consider it as at all
interfering with my acknowledgements of your claims. You are to be
recognized beyond doubt as the real predictor of the p}anel's‘ place. I may
add that the English investigations, as I believe, were not quite so exten-
sive as yours. They were known to me earlier than yours..®

Even so, Airy, in his letter, still could not bring himself to mention Adams
by name.

Finished with that, Airy continued his maneuvers. He answered a let-
ter from Challis in which the Cambridge professor reported on his failed
search and then suggested the name Oceanus for the new planet. Airy
pretended to be unconcerned about the failure—"these misses are
sometimes nearly unavoidable"—and then went on to recommend that
Challis present the name Oceanus to Le Verrier, even though Airy had
privately and in correspondence lent the weight of his opinion to !he: name
Neptune and even though he knew that Le Verrier already had his own
name in mind for the planet. It was a rather shabby diversionary tactic.
Airy could see the scientific and political storm gathering. Having lulled
Challis into a sense that no harm was done, Airy asked Challis for per-
mission to publish his report on the planet search. Airy then wrote to
Adams to make the same request so that England and "individuals" would
receive "justice.” Airy proposed to prepare this report himself for the
Royal Astronomical Society "because I know nearly all the history and
yet have taken no part in the theory or the observations."? Airy, who

Airy Maneuvers
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Resentments

-1 the dispute was raging, the influential scientists on the conti-
. through correspondence, settled on the name Neptune for
d repudiated the use of Le Verrier's name.

knew “nearly all the history,"” sent this request to the "Rev. W. J. 4
Adams' initials, of course, were J. C., and he was not ordaine
Airy's letter reached Le Verrier on October 16. About the
he learned of Herschel's article in the Athenaeum. Le Verrier
If this Adams had done the work, why had neither Airy nor
mentioned him? Who was this Adams? He was professionally nkng
If he had done the work, why had it not been published? And w
nothing been heard from Adams himself? Le Verrier wrote to
pose these embarrassing questions and to ask the astronomer
defend his claims.
The next day, on October 17, Challis published an account ¢
vestigation in the Athenaeum, mentioning Adams’ first solu
Uranus problem in 1843. He also proposed the name Ocean
new planet.

nent quieﬂ)"
the planet &%

1846, the Royal Astronomical Society held an inquiry
OnNovefll‘:; laé;peared as theYNeptune scandal. How had the English
inItO w-ha nstabli:_r.hment let this prize slip through their fingers? Airy
Elcmmﬁ»:dehis “Account of Some Circumstances Historically Connected
with thte Discovery of the Planet Exterior to Uran.usf’ Challis followed
with his “Account of Observations at the Cambridge Obs.ervatl?ry for

cting the Planet Exterior to Uranus.” Then Adams offered "An Ex—
Dlz{n;ﬁon of the Observed Irregularities in the Motion of Uranus‘. iy
lete with the position, mass, and orbit of Neptune—presenting an
ﬁa of the work that he had tried in vain for more than a year to
s to the attention of the scientific establishment.*® Adams had also
:;:;fauted the first orbit for Neptune, using the three ur:recognized
sightings by Challis, and had sent it to Airy on October 15. ‘
‘Adams expressed no disappointment or bitterness, only praise for Le

Verrier:

That did it. On October 19, 1846, the Paris Academy of Sciences:
fumed like a hall of politicians over what seemed like a Brit
to usurp their nation’s honor. Arago used his gift of rhetoric to dise
the English claims and to inflame the academy members. Aragoy
prised by Herschel's remarks, "in complete contrast with
courtesy and reserve of Mr. Herschel."2 But he reserved his
Airy and Challis. The astronomer royal was an authority on ¢
mechanics. It was impossible to believe, if Airy had really seen.
work, that he could have doubted the existence of a trans-Uranian
As for Challis, he was doomed by the inconsistencies in the |
he had filed. In his October 5 letter to Arago, Challis had men
ly Le Verrier as a spur for his search. But in the October 17 Athena
article, Challis claimed to have been guided by Adams' wor
discrepancy made Challis appear either dishonest or derang
Since Adams had not published, said Arago, he had no claim. C
ing Oceanus as a name for the planet, which Arago thought ha
from Adams, it was the height of arrogance for someone who
tributed nothing to try to horn in on the glory. “Mr. Adams has 1
to figure in the history of the discovery of the planet Le Verrier,
by a detailed citation, nor by the slightest allusion.” This discovery,
cluded Arago, “one of the most magnificent triumphs of astro
theory,” was a contribution to posterity from France.®
The French press picked up the issue and the tone and began
of vicious attacks on Adams, Airy, Challis, Herschel, and England g
ly. It got so ugly that Arago and Le Verrier soon disavowed
pathy with the papers.

I mention these dates merely to shew that my results were grfived at in-
dependently and previously to the publication uf. M. Le Verrier, and not
with the intention of interfering with his just claims to the honors_ of the
discovery, for there is no doubt that his researches were first published to
the world, and led to the actual discovery of the planet by Dr. Galle, so
that the facts stated above cannot detract, in the slightest degree, from the
credit due to M. Le Verrier®!

At last Adams received some measure of acclaim. Challis and Airy were
sharply criticized. Why hadn’t Challis begun a search in szptember 1845
when Adams first gave him the planet's position? Challis’ answer was
lame—he lacked confidence in theoretical calculations. Why hadn't Challis
reviewed his search data? “[Plartly," he said, "because I thought the prob-
ability of discovery was small till a much larger portion of the heavens
was scrutinised, but chiefly because I was making a grand effort to reduce
the vast number of comet observations which I have accumulated; and
this occupied the whole of my time when I was not engaged in observ-
ing." No one doubted that Challis had told the truth, but the truth cost
him his credibility as a scientist.

Airy stood convicted even in the minds of his friends of “umeasona.ble
incredulity and apathy toward Adams,” as his colleague Adam Sedgwick,
a geologist, informed him:

The
Investigation
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Had the results communicated to you and Challis been sent to Berl; peen known as Halley's Comet. Other historians of science argue
am told, they came so near the mark that to a certainty the new j

) discovery of Neptune was the greatest triumph for Newton's
would have been made out in a very few weeks, perhaps a very that the d1S since its publication in 1687.
e (e whole usities soifiad tn 1845 caitis the sl GLER “'imt‘fonaj them;yl\leptune in 1846 was a turning point in the history
ﬁ:;t:ﬂs::;r;r ... To say the very least of it, a grand oc The dls::;?g ;athemaﬁcs and theory now took the lead in the way

e ical research was pursued. The greatest epoch, begun with
”m?noml schel's discovery of Uranus in 1781, of discoveries and pro-
WM H::onomy led by amateur astronomers was ending. Amateurs
stessm?u make contributions, but astronomy was more and more a
ﬁi :pecialized mathematical and physical discipline.

And that was from a friend writing to him. Others were far less estr;
and less private in their judgment of Airy. E

But Airy’s high opinion of himself sustained him through the
As always, he felt he had done his job with distinction.

It was now annual awards time, and the Royal Society gave
Medal for 1846 to Urbain Jean Joseph Le Verrier for the
Neptune. It had made joint awards before but now declined t
Adams because it considered his claims too uncertain for nofj
Royal Astronomical Society, having just completed its extraordi
vestigation, decided in exhaustion not to award its Gold Medal to 3
in 1846.
Gradually, through the early months of 1847, more of the facts
The hurt feelings and wounded national pride slowly healed. Newsp
called off their vendettas. The accomplishments of Adams :
gentlemanly behavior through the entire proceeding began
appreciated. '
In June 1847, at a meeting of the British Association for the
ment of Science, Adams and Le Verrier met one another for the fi
at a party given by John Herschel. Some guests held their brea
minutes, Adams and Le Verrier were off by themselves talking anim;
and laughing. They formed a lifelong friendship.
In 1848, trying to make up for its injustice two years earlier,
Society gave Adams its Copley Medal. The Royal Astronomical
too, was ready for a reassessment, but its response was peculiar.
it gave no Gold Medal but instead awarded "testimonials” to
tists, including Adams, Le Verrier, and Airy, while omitting Galle,
and Challis.
History has been generally kind to Adams. Textbooks and
works today usually credit Adams and Le Verrier or Adams, Le \
and Galle with the discovery of Neptune, although d'Arrest is still al
always overlooked. J
The discovery of Neptune by mathematical calculation—the:
found on a sheet of paper—was the greatest triumph for gra i
theory since 1758, when the comet of 1682 returned just as E
Halley had predicted in 1705 using Newton's laws. Ever sinc

And what did life bring for the major pa:ti_cipants‘m one of the mosi
dramatic and scientifically significant events in the history of.astmn.omy
ohann Gottfried Galle continued in the position of special assistant
that Encke had created for him at the Berlin Observatory in .1835‘ In 1851
he accepted appointment as professor of astronomy afxd director of the
observatory at the University of Breslau. It was wrenching to .leave Encke
and the well-equipped Berlin Observatory fora moflestiy equipped obse.r-
vatory in a provincial town. But there Galle remained for the rest of 'hlS
Jife, contributing significantly to binary star, comet, and meteor studies,
and when the city lights and obsolete equipment rendered his observatory
useless, he shifted with effectiveness into the study of mete?rology. W}Ten
he died in 1910 at the age of 98, he was still sharp of mind and active
in astronomy, revered by three generations of Breslau students, and had
the unique distincition of having observed Halley's Comet as a profes-
sional astronomer at two different apparitions—in 1835 and 1910.
Heinrich d'Arrest was not mentioned in Encke's report on the discovex.y
of Neptune at the Berlin Observatory in 1846. Following his internship
at the Berlin Observatory, d’Arrest moved on to the Leipzig Observatory
in 1848, where he continued his fine work on comets and asteroids. In
1858 he was named professor of astronomy and director of the new obser-
vatory at the University of Copenhagen. There he expanded his scien-
tific reputation with his studies of nebulae and his exploration of the new
field of spectroscopy until his untimely death at the age of 52. It was
not until 1877, two years after his death, that Galle finally clarified the
important role that d'Arrest had played in the detection of Neptune.
George Biddell Airy, astronomer royal, stubbornly rode out the criticism
of his role in the Neptune scandal. There is no indication that he ever
felt ashamed or regretful or even uncertain of his treatment of Adams
or his handling of the quest for Neptune. Airy was impervious because
he never doubted himself. Under his direction the Royal Observatory
continued to be a model of efficiency as a source of accurate astronomical

Thereafter

Johann Galle in old age
Archive of the Archenhold
Observatory

George Airy in 1852,
six years after Neptune
was discovered

HNational Maritime Museum
Greenwich
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tables for British navigators. He remained unpopular with his
because he treated them as drudges and tolerated no indep
thought. He trained no young astronomers. He was an organizer s
bureaucrat rather than a scientist. In 1881, at the age of 80, he
from duties as astronomer royal and died, still organizing his pa
1892 at the age of 90.

It had been a swift and promising ascent for James Challis
wrangler and First Smith's prizeman as an undergraduate at Cam
to Plumian Professor of Astronomy and director of the Cambridge
vatory in 1836 at the age of 32. Yet no notable science appea
Neptune incident focused the attention of the faculty at Camby
astronomers in England and abroad to the fact that Challis was son
of a kook. His ideas and scientific claims became ever more over|
perhaps in an effort to extricate himself from the Neptune fail
claimed that he had generalized Newton's law of universal g
to include all physical forces and was about to publish. He ne
Only his friendliness and Cambridge tradition dissuaded critics fro
ping him of his distinguished position as Plumian Professor of Astr
He did surrender his directorship of the Cambridge Observatory to
in 1861. As one historian observed: "Challis was a spectacular
as a scientist, and ironically, this failure has immortalized him,
died in 1882, just before his seventy-ninth birthday. f

Honors continued to pour in for Le Verrier. Professorial
celestial mechanics and astronomy were created for him at the Soj
He continued his study of planetary perturbations for the rema
years of his life, refining the orbits and masses of the planets. He
pleted this vast project of more than 4,000 pages one month bef
death. Le Verrier hoped that other planets would be found the

and Adams found Neptune. 1

With typical tenacity, Le Verrier also returned to the problem of |
cury’s motion that had stymied him in 1843. Mercury's perih
advancing along its orbit as a rate of about 9 minutes 26
century—Iless than one-third the apparent diameter of the Moo
from Earth. In 1843, Le Verrier had been able to explain about 90
cent of this motion by the gravitational perturbations on Mercury
other planets in the solar system. But 38 [now known to be 43} ;
of arc per century defied his efforts at a complete solution based onf
gravity of known objects.

In 1859, 19 years after Arago had handed him the problem, Le
offered an answer. The codiscoverer of the outermost known P
posed that inside the orbit of Mercury lay an undiscovered inne
planet—or a group of asteroids.

Soon after he published his results, Le Verrier received a letter fr
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h country doctor and amateur astronomer named Edmond
g freoc Lescarbault who claimed to have seen this planet passing across
Modeste £ the Sun. Le Verrier rushed to meet Lescarbault and was con-
e t an intra-Mercurian planet had been found, duplicating his
vinced tile:icﬁng triumph with Neptune. A name appropriate for a pla..net
P“met‘pt the Sun was already waiting—Vulcan, the Roman god of fire.
e oa'm it seemed, Le Verrier had saved the integrity of Newton's
o ﬂ‘g\.rersl.all gravitation. But the sighting was not confirmed by other
o Ofun:at the time or duplicated by later observers. Through the years,
abs.ﬂveramateur and professional astronomers claimed to have seen
vmoustransiting the Sun or near the Sun during a total eclipse, but these
vujc:; conflicted with Lescarbault's sighting and with one another, or
i were better explained as misidentified stars.
th;erl‘:micallyr in the carefully observed and analyzed motion of Mercury,
astronomers this time had uncovered a real defect in Newtc!n’s.law f’f
ity. The problem of Mercury's orbit was not solved unt.ll Einstein
plished his General Theory of Relativity in 1916. The excessive preces-
sion of Mercury's perihelion was the most detectable deferf:nce in solar
system motion between the predictions of Newton and Einstein. A{ad
the anomaly that Le Verrier had pointed out provided one of the crucial
instein was correct.®
pr;zf]ioi?r?;gEﬂ'le death of Arago, Le Verrier became director of the Paris
Observatory in 1854. Not only did he continue to lead astronomy from
that position, but he was one of the founders of modern mt?teorology‘
He set up an international network to warn sailorf. of.appr.oacp{zlg storms.
Le Verrier was admired for his absolute integrity in sc:1.ent1{1c.matters,
but people close to him found him edgy and authont.arlan,. His tenure
at the Paris Observatory was stormy. He was dismissed in 1870 for
repressing staff creativity and devoting too little of observatory funds
fo astronomy. He was reinstated in 1873 when his successor and enemy
Charles Eugéne Delaunay died. Thereafter Le Verrier devote'd full ﬂ:t-
tention to celestial mechanics. He died of a progressive liver ailment in
1877 at the age of 66. . .
Appropriate recognition for Adams was slower in coming. His
fellowship at St. John's College, Cambridge, expired in 1852 because he
had not joined the clergy. He became a fellow at Pembroke College, Cam-
bridge, in 1853. He applied for the position of superintendent of the
Nautical Almanac in 1853 but was not chosen.® Finally, in 1858, he
was appointed professor of mathematics at the University of St. Andrews.
Upon that appointment, Cambridge University repented its snub and,
in that same year, brought Adams back as Lowndean Professor of
Astronomy and Geometry. In 1861, Challis was eased out as director of
the Cambridge Observatory and Adams was appointed in his place.

John Couch Adams in
middle age

The Master & Fellows of St.
John's College, Cambridge
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In 1863, at the age of 44, Adams married Eliza Bruce from Dublj;

had no children. He was the first president of the Association
moting the Higher Education of Women in Cambridge and helpe,
establishment of Newnham College in 1880, the first residence fi

at Cambridge. He was one of the first professors to open his lecty

women.

Following his codiscovery of Neptune, Adams continued {

distinguished work in astronomical mathematics, bringing him

renown—and controversy. He carefully studied the gradual a

and deceleration in the Moon's motion evident in historical r
eclipses and caused by the changing ellipticity of the Earth's
found that the analysis of Laplace, the great French celestial m
cian, had been faulty. This caused very hard feelings among
astronomers until, by 1861, independent investigations sho
Adams was right. r

He was offered knighthood in 1847 and the position of astrono:

when Airy retired in 1881 but declined both. The modesty that
him fame early in his career endeared him to friends and coll
throughout his life. John Couch Adams died in 1892 at the a

CHAPTER 5

Percival Lowell
and Planet X

On possible names for Neptune): “The name Janus’
would imply that this planet is the last one in the solar
system, and there is no reason to believe that this is so.”
1. J. J. Le Verrier

(September 1846)

“[A)fter thirty or forty years of observing the new planet
(Neptune], we will be able to use it in turn for the
discovery of the one that follows it in order of distance
from the Sun.”

. J. J. Le Verrier

[c. 1846)

(On the clustering of certain comet orbits]: “This can
hardly be an accident; . . . it means a planet out there as
yet unseen by man, but certain sometime to be detected
and added to the others.”

Percival Lowell
(1903)

The discovery of Uranus and Neptune tantalized astronomers with the
prospect that still more distant planets lay undetected. Le Verrier believed
that analysis of the motion of Neptune would reveal the existence of
another planet, but not in his lifetime. Neptune crept along its orbit so
slowly that even at the beginning of the twentieth century its path was
not known with sufficient precision to reveal the perturbations of an out-
lying planet.

The discovery of Neptune solved the mystery of the anomalous motion
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Percival Lowell
Lowell Observatory
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of Uranus—almost. When the actual motion of Uranus was g

to predictions that took account of all known gravitational dis
tiny discrepancies remained—only a few percent the size of th
that enabled Adams and Le Verrier to calculate the existence z
tion of Neptune. Were these "residuals” meaningful? Did they
existence of yet another planet, or were they just minute errors i _.__
ing the exact location of Uranus, resulting perhaps from inaccurat
tional data for the background stars? The obstacles to calc
searching for trans-Neptunian planets were so formidable
astronomers tried. Many doubted that a planet lurked beyond
Still, an occasional astronomer attempted some crude calculat;
suggested the unexplained inconsistencies in the motion of U
residuals) pointed to a more remote planet.!

ell Observatory opened on June 1, 1894. Lowell, an excellent
Th'e Lowaker and writer, was soon lecturing about life forms on Mars
P“bhc e als gave proof of their intelligence and global unity but also
i canted that this peaceful civilization was doomed by drought. Most
omers were skeptical of Lowell's interpretations of the Martian

. some were harshly critical. Lowell hired a small cad're of t.alented

A 515 to operate his observatory and gave them sufficient time f(:.nr
: research. They left the flamboyance, controversy, and public
r_he;r_oWﬂw Lowell and concentrated on meticulous work that brought
fdauoniecogniﬁon to the Lowell Observatory. In 1905, the permanent
its.owﬁnﬁc staff consisted of Vesto M. Slipher and Carl O. Lampland.
;;;Eer‘s younger brother Earl C. Slipher soon joined the full-time staff.

But Lowell's attention was not exclusively focused on Mars. All the planets
intrigued him. His interest in the possibility of a planet beyond Neptune
:emmed from his college training by Benjamin Peirce, who created a
long-standing controversy by claiming that the disgovery of Neptune was
an accident because although the position predictions of Adarns_and Le
Verrier were correct, all their other predictions about the planet's distance,
orbit, brightness, and mass were in error. Peirce was wrong. Adams and
Le Verrier had correctly used perturbations in the motion of Uranus to
pinpoint Neptune. _ i d |
Now, with the means to conduct a telescopic search, an enduring in-
terest in mathematics, and knowledge of previous efforts to.hypothesme
a ninth planet, Lowell was ready to attack this high-profﬂe prc:ble..m.
Lampland felt that Lowell sought the "prestige of mat.!u;mahca]}y predz‘ct—
inganew planet . . . in order to gain more respectability for his thez)}'les
about Mars" and to enhance the prestige of his observatory, which,
because of Lowell's claims for canals on Mars, had become "virtually
an outcast in professional astronomical circles."*

From 1902 on, Lowell's lectures and writings give evidence of his belief
that a trans-Neptunian planet would eventually be detected.

His first search for a ninth planet began in early 1905 and proceeded
sporadically as his time permitted for four years. The quest began as a
photographic survey along the mean plane of the solar system; later a
dimension of theory and calculation was added in an attempt to narrow
the search. But the observational and theoretical components of the search
were seldom integrated. Each time Lowell made a new computation, he
altered the hypothetical planet's predicted location and would send his
colleagues in Flagstaff a new position to be searched. The photography,
completed in September 1907, was performed by a succession of three

On March 13, 1855, Percival Lowell was born into a wealthy Bost
ly, the oldest of five children. His brother Abbott Lawrence Lowell
president of Harvard University. His youngest sister Amy
famous poet. Percival graduated with honors in mathematics
vard and amassed his own fortune during six years of business
his grandfather's wide-ranging enterprises, which included co
financial institutions, and utility companies. Then, in 1883, he
ten-year series of extended visits to the Far East as a travel
served as foreign secretary and general counselor for the first dip
mission from Korea to the United States. !

During a trip to Japan in 1893, Lowell learned that Giovanni
relli, the noted Italian astronomer, was going blind and had bee
to terminate his observations of Mars. It was Schiaparelli who
had first described thin, straight, crisscrossing features on the
of the red planet. He named them canali, meaning "channels
nels could be natural or artificial features. The English-languag
however, translated canali as "canals,” implying that they were'
intelligent beings.

The controversy over artificial features on Mars had long
Lowell. He returned to Boston and began to use his wealth to
an observatory whose major effort would be the investigation of the
tian "canals.”

Lowell chose as his site a pine-forested mesa one mile west of |
in remote Arizona Territory at an elevation of 7,250 feet (2,210
where his observatory could “see rather than be seen."? His 1
first permanent observatory in the world to be purposely si
from city lights and in a climate tested for good seeing conditio

A Trans-
Neptunian
Planet
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Competition

University of Indiana astronomy students. Lowell examined the
440 plates but found nothing. Lowell was worried that his Proj
be stolen by others, so, unlike his other well-publicized vent
his search for a trans-Neptunian planet as quiet and secretive as
referring to it in correspondence with his staff as the “invariab
work because the search was conducted along the mean pla
solar system, thought to be the most likely orbital path for the s
planet. Eventually, when he found that the complexities of
were so great that no one could jump in opportunistically, he
his secrecy. By late 1908 he was referring to his trans-Neptuni
as Planet X.

In mid November 1908, Lowell received some startling and
news. He attended a lecture by William H. Pickering of Ha
for a few months had helped him initiate the Mars observatio
when the Lowell Observatory opened in 1894 and who was nox
of his Mars theories. Pickering had used a graphical plot of ther
of Uranus to predict the existence and position of a trans-Ni
"Planet O."” This graphic approach had first been used and
demonstrated by John Herschel to refine the orbit of Neptune a
show how its existence and location had been deduced from the
of Uranus. His method first appeared in his popular textbook O
of Astronomy in 1849,

Pickering's 1908 prediction for Planet O gave it a distan
astronomical units, a period of 373.5 years, and a mass twice that
Its disk was estimated to be about 0.8 arc second in diamete:
magnitude either 11.5 (if reflective like Neptune) or 13 (if less r
like Mars). Two brief telescopic searches had failed to find

Pickering sought Lowell's help with the search, but Lowell d
neglecting to mention that he had been calculating and sear
ninth planet for more than three years himself. Lowell real
had serious competition in his quest—and from a scientific at
whose calculations seemed to be ahead of his own. The shock ofc
ing Pickering's interest in a trans-Neptunian planet caused
plunge ahead with all the energy and resources he could spare
Mars work.

In March 1905, Lowell had hired a moonlighting U.S. Nava
vatory mathematician named William T. Carrigan to assist him !
extraction and analysis of the residuals of Uranus and Neptune.
initially urged Carrigan on, but in May 1909 dismissed him,
he had reached his own theoretical solution to the orbit and lo

aninth plan

an orbital peri
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et without using any of Carrigan's four years of calculations.
plained that Carrigan was overly meticulous. The planet,
to Carrigan, lay 47.5 astronomical units from the Sun, had
od of 327 years, a magnitude of 13 or fainter, and a mass
fths of Neptune’s‘ P ) .

Lowell never published this prediction, nor did he use it to sear{fh for
His anxiety about Pickering's lead subsided when he read Ple.el'-
a-mblished work and found his approach superficial. In annotating
ey f Pickering's paper, Lowell derided his former colleague's ef-

lihf.ﬁ_?fg’gx:.zluding: “This ninth planet is very properly designated O [and]

is nothing at all.”?

com
weu wrote

A was to pass before Lowell returned to the problem of .Planet X.
He began by assessing the shortcomings of his first seargh. First, ther.e
was a problern of instrumentation. The observatory's 5-inch (13-centi-
meter] telescopic camera, the latest and most promising of four telescopes
eﬁp]oyed in the search, was inadequate to the task. It recorded a sharp-

defined field only about 5 degrees across. What Lowell could no.t kpow
was that the undetected planet was then too far south of the echp}lc to
be within the search zone and had a brightness of only 16th magnitude
10,000 times too faint for the unaided human eye to see), at the record-
ing limit of his photographic plates.® )

A second problem with the initial search for Planet X was technique.
Lowell's method of examining the plates was unlikely to yield results.
The search produced plates of the same region of the sky taken a few
days apart so that a planet would reveal itself by its change of position.
Lowell would take these glass plates, superimpose them, offset them
slightly, and then examine each pair of images with a magnifying glass
in search of motion. It was cumbersome, unsystematic, and imprecise.

About a year into the first search, Lampland had suggested that Lowell
buy a new invention called a blink microscope for the inspection of the
plates. With a blink microscope (also called a blink comparator), two
plates could be placed side by side and viewed through an eyepiece that
optically superimposed the two plates and magnified them. A shutter
inside the system then alternated views so rapidly that the shift from
one plate to the other was almost undetectable to the eye. If the plates
tobe compared were identical in images and exposures and if the plates
were aligned so as to superimpose accurately, the blink microscope would
show what appeared to be just one plate with nothing moving, jump-
ing, or pulsating. But if an object had moved or changed in brightness
from one plate to the next, the object that changed would appear to jump

Assessment
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Percival Lowell observ-
ing Venus in the
daytime with the
24-inch Clark refractor
at the Lowell
Observatory
Lowell Observatory
photograph

back and forth or pulsate as the shutter inside the blink micros
nated views, while the rest of the images remained unchanged.
decided against an investment in a blink microscope.

Instead Lowell decided that if he were to have any hope of suce
the quest would require the most thoroughgoing mathematicalz
possible. A graphical plot of the residuals of Uranus would
would have to repeat and even amplify the rigor that Adams a
rier had applied in their pursuit of Neptune. He faced, he felt, ap
even greater than Adams and Le Verrier had confronted because ft
Neptune was the solution, while for him it was part of the

Lowell was ignoring the fact that Adams and Le Verrier had t
their own mathematical analysis, whereas he could study theirn
and employ one of their already proven systems. Nevertheless, hef
some very real problems in his search for Planet X. He tic
difficulties:

(1) The residual errors in the predicted versus actual posif

Uranus were now, with Neptune's influence accounted
small.

Percival Lowell and Planet X
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une had not been observed long enough along its huge‘ orbit
erturbations of its motion by an outlying planet to be evident.
e [:-efore he would have to rely on the presumably smaller per-
g:—;ations exhibited by Uram:ts. ) . ‘
inth planet might have a highly eccentric orbit, and that Oltblt
i mt pe sharply inclined to the ecliptic. (Here Lowell was using
$Lg:nalog}’ of Jupiter, Saturn, and their satellites as miniature so-
lar systems. The outer moons of Jupiter and Saturn have markec.i-
ly elliptical orbits that are notably inclined to the equators of their
4 glz:zt:t;]it of Uranus (and any planet] cannot be known mth ab-
solute precision because of the constantly changing perturbat.n?ns
onitand the difficulty of astronomical measurement_s‘ The resultmrg
inaccuracies are incorporated into any calculation using that planet's
position.”
Lowell reviewed the differences in the methods by which Adams and

(2) Nept

Le Verrier had attacked the Neptune problem and then chose Le Ver-

der's. Adams'’ approach was "direct and masterful;" he thought, but Le
Verrier's was "'simpler and more complete!'®

‘The second search began in July 1910 with a mathematical assault by
Lowell, assisted by Elizabeth Langdon Williams, who had been editing

ications in his Boston office for at least five years previously. Lowell
assumed that Planet X traveled around the Sun in the same pl.ane as
Uranus and was 47.5 astronomical units from the Sun, the same distance

e had used for his initial search.® Using the residuals of Uranus, he

sought to calculate the orbital eccentricity, the longitude of perihelion,
and the mass of Planet X.

On March 13, 1911, Lowell celebrated his fifty-sixth birthday (and the
one hundred thirtieth anniversary of the discovery of Uranus) by send-
ing a telegram to Lampland, his assistant director at the Lowell Obs?r-
vatory, requesting him to begin a new photographic survey along the eclip-
tic for Planet X. Lowell promised that his computations to focus the search
would soon follow. Lampland proposed again that the analysis of the
photographs would greatly increase in efficiency and precision if the
Lowell Observatory had an instrument like a blink comparator. This time,
Lowell bought one immediately and it was shipped back and forth be-
tween Boston and Flagstaff as needed.!® _

Lowell's first new computations for the position of the ninth planet
were not ready until late April. The photographic search proceeded
sporadically because Mars was nearing opposition (the point at which

A New Attack
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the Earth and Mars are closest that occurs every two years) and |
and his colleagues were making their usual plans for detailed

of the red planet.

In 1911, Pickering published his prediction of the existence
more trans-Neptunian planets beyond his Planet O, designating

WILLIAM H. PICKERING AND PLANETS O, P. Q, R, S, T, ANDU

William H. Pickering (1858-1938) made and pub-
lished more predictions for the existence of trans-
Neptunian planets than any other astronomer.

Like Percival Lowell, Pickering was born in
Boston, came from a family of social and intellec-
tual distinction, was well educated (M.IT.), and had
travel and adventure in his blood (Pickering
especially liked primitive areas and mountain
climbing). Like Lowell, Pickering was a bundle of
energy. Besides leading four solar eclipse expedi-
tions as a staff member of the Harvard College
Observatory, he set up stations of the observatory
in Arequipa, Peru (1891), and Mandeville, Jamaica
(1900}, and helped in 1894 to build the observatory
in Flagstaff for Percival Lowell.

He had more than average scientific accomplish-
ments. He was a pioneer in new celestial photo-
graphy technology. In 1899 he discovered Phoebe,
the ninth moon of Saturn and the first satellite to
be found photographically. He also produced the
first complete photographic atlas of the Moon
(1903).

Unlike his older brother Edward Charles Picker-
ing, director of the Harvard College Observatory,
William was less rigorous in his work and prone
to sudden enthusiasms. This caused considerable
friction between the brothers, and William was
never promoted beyond assistant professor.

Approaching age 50, Pickering became more and
more consumed with predicting the existence and
location of trans-Neptunian planets. Although his
1919 prediction of the position for Planet O was as
close to where Pluto was found as was Lowell's
prediction for Planet X, Pickering's credibility was
not high, because of the number of new planets he

William H. Pickering
Harvard University Archives

predicted, the less-than-rigorous method b
predicting them, and the speed with

abandoned or substantially modil .

predictions.

In 1924 he retired from the Ha
Observatory, and the observatory he hi
lished for Harvard in Mandeville, Jamaica
his private observatory.!

15ee especially William Graves Hoyt, “W. H, Pickering's
tions and the Discovery of Pluta," Isis 67 (1976): 551-65
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R, Planet Q had a mass 20,000 times greater than Earth, which

|d have made it 63 times more massive than Jupiter and about one-
WOl

. +-enth (6 percent] the mass of the Sun—close to a star of minimal mass
gxt;ejthan a high-mass planet. Q , said Pickering, had a highly elliptical
1a

orbit.

Now, as in 1908, competition with Pickering altered none of Lowell's

iniorrls but caused him to intensify his project. He gave orders to ac-
celerate the photogrﬂphic search and hired four more mathematical
assistants to help him and his chief computer, Miss Williams, in Boston.
In those days, computers were human.] All five assistants were at work
in November 1912, but Lowell wasn't. He had been pressing so hard on
the problem that late in October he collapsed from nervous exhaus-
tion." " It was two exasperating months for Lowell before he could

return to work for even short periods.

In Flagstaff the photographic search proceeded by examining the areas
specified by the continually modified calculations. From 1911 to 1914,
Lowell conducted the hunt on his observatory's largest instrument, a
40-inch (102-centimeter) reflector, installed in 1909, but its field of view—
only one square degree—was too small for an efficient search. In April
1914, Lowell and his colleagues turned to a 9-inch (23-centimeter)
Brashear photographic refractor that they borrowed from Swarthmore

College's Sproul Observatory near Philadelphia without initially reveal-

ing to Swarthmore the exact nature of the project.

The project's intensive computational phase ended in April 1914, Ap-
proximately the same orbits and positions for Planet X were recurring
in repeated calculations. Lowell sent two of his mathematical assistants
to Flagstaff to step up the photographic search, discharged the others,
and retained Miss Williams for whatever calculations might yet be
needed. Lowell was optimistic when he and his wife set sail in May for
their usual spring vacation in Europe. He telegraphed his observatory
anew most probable location to search for Planet X, requesting, “"Don't
hesitate to startle me with a telegram—FOUND!"2

But no such telegram arrived. Many years of calculations and searching
had not produced the expected planet. Lowell began to get discouraged.
He wrote an account of his theoretical and observational efforts for
presentation in 1915 to a meeting of the American Academy of Arts and
Sclt_?noes, Two weeks before the speech, he notified his staff of a newly
revised position for Planet X, adding: I am going to give my work before
the Academy on January 13. It would be thoughtful of you to announce
the actual discovery at the same time."

Waiting for a
Telegram
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Publication and
Response

Percival Lowell at his
observatory in Flagstaff
Lowell Observatory
photograph

Lowell's paper—logical, mathematical, and conservatively
gathered little attention from the press, the general public
astronomers. The academy even declined to publish it, and
irked at having to issue it as a Lowell Observatory publication
expense. With the failure of his search and the lack of interest
in his research on a trans-Neptunian planet, Lowell sh
discouragement in his typical way: He turned to other matters a
mentioned or took an active part in the project again. "No ne
X?" he inquired in July. An entry in the observation log for Q
1915, mentions that "Dr. Lowell paid a visit to the 9-inch.’
Lowell published his efforts to find a trans-Neptunian planet in
1915, Planet X disappeared from his writings and his inte
the press.

On July 2, 1916, the entry in the observation log read "L
conditions prevented any further work that night. And that w.
of the second photographic search for Lowell's trans-Neptuni
The 9-inch telescope was needed back at Swarthmore.

On the nearly 1,000 plates exposed in this second search
asteroids, 700 variable stars—and 2 images of the ninth planet, Qs
19 and April 7, 1915, Thomas B. Gill, one of Lowell's former ma

assistants in Boston, now an assistant observer at Flagstaff, had r

the sought-after trans-Neptunian planet as part of the ¢
photographic search, but the object went unrecognized.
predicted that Planet X would be about magnitude 13; these
between 15th and 16th magnitude—about five times fainter. T
just barely visible on the plates. Lowell probably never examin

plates himself. At this stage in his career, he left such tedious %

his assistants.
Lowell concluded from this second search that the object he

distance of the trans-Neptunian planet was less than the 47.5 astro
units he had previously clung to."*
He would never know how close he came to Planet X.

On November 12, 1916, Percival Lowell, 61 years old, died of am

stroke at the Lowell Observatory.

The Discovery
of Pluto

“Lunch.”
Final entry in the observation log for the 1905-1916 Lowell Observatory

{elescopic search for a ninth planet

“WWe think he is going to develop into a useful man. He has
several good qualities that are going to make up for his
meager training.”

Vesto M. Slipher on newly hired Clyde Tombaugh

(1929)

“Young man, | am afraid you are wasting your time. If
there were any more planets to be found, they would have
been found long before this.”

Visiting astronomer to Clyde Tombaugh

[June 1929)

In his will Lowell provided quite handsomely for his wife, appointed
Vesto M. Slipher as observatory director, and left an endowment of more
than a million dollars for the support of his observatory. His staff, despite
their less flamboyant scientific styles, respected Lowell and wanted to
proceed with his projects, including the search for Planet X. But work
was slowed not only by World War I but by the lengthy court battle that
ensued when Lowell's widow bitterly contested the will. By the time
the litigation ended, legal fees had swallowed a substantial fraction of
the estate.

If a new search for Planet X were to be mounted, a larger telescope
specifically designed for sky survey work would be needed. As soon as
the estate was settled in 1927, the Lowell Observatory arranged for the

CHAPTER 6
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A Kansas
Farm Boy

Clyde Tombaugh with
the 13-inch telescope
that he used to
discover Pluto. (He is
looking through the
eyepiece for the guide
scope.) This photograph
was made in 1931, the
year after the discovery.
Lowell Observatory
photograph

fabrication of a 13-inch (33-centimeter) photographic refractor
possible by a gift of $10,000 from Abbott Lawrence Lowell
of Harvard and Percival's brother. The new telescope was assem
tested at Flagstaff in 1929 and found to be an exceptionally fin
ment, with its wide field providing extremely clear images acr

by 14-degree region. 3

But there was no one to conduct the search. The Lowell O
core scientific staff of Vesto M. Slipher, Carl O. Lampland, ang
Slipher professed confidence in Lowell's computations for a nin
but none had room among his existing projects for the time an
entailed in a comprehensive photographic search for Planet

Vesto Slipher wanted to hire a new assistant observer who
aresearch astronomer, lest the observer's own interests distract
the trans-Neptunian planet search. In 1928, Slipher had recej
ter from a young high school graduate in Kansas named Clyde
baugh. His summers were taken up by farming with his family
winters and all clear evenings were devoted to his hobby of a
He had built three reflecting telescopes with mirrors ranging fr
9inches (18 to 23 centimeters) in diameter, the last two of excellen
His drawings and notes about his observations indicated con
and precision. Despite Tombaugh's lack of formal astronomical
Slipher decided to give him a chance and invited him to join |
as an assistant observer on a trial basis.

Clyde Tombaugh, age 22, arrived in Flagstaff on January 1
without knowledge of the project he would be assigned. He g
pressed the staff astronomers by his enthusiasm, his willingness#
and his painstaking work. The third search for Planet X began
Tombaugh at the 13-inch refractor on April 6, 1929.

Tombaugh quickly found that the staff astronomers were so bus
he could not rely on them for improvements to the prescribe
procedure. So, after a few weeks, he took the project ever more i
and made the needed modifications himself.

Planet X was expected to be magnitude 12 to 13 or, as Lowell
at the conclusion of his second search, perhaps somewhat fz
13-inch telescope could reach stars of 17th magnitude with a
exposure. But, Tombaugh realized, if seeing conditions were p
exposure time would require another 15 to 20 minutes. In or
the blink microscope to compare star fields in search of an ob
shifted position from one picture to the next, it was crucial that th
be made within about a week of one another and that the ex
made and developed under as nearly similar conditions as possil
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The Lowell Observatory
administration building
as it was when Clyde
Tombaugh arrived in
1929

Lowell Observatory
photograph

Dome for the 13-inch
telescope with which
Clyde Tombaugh
discovered Pluto
Lowell Observatory
photograph

T

|
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The 13-inch
photographic survey
telescope that Clyde
Tombaugh used to
discover Pluto. This
astrograph, made
possible by a gift from
A. Lawrence Lowell, Per-
cival’s brother, was
being installed at the
Lowell Observatory in
1929 as Tombaugh ar-
rived to take up observ-
ing duties on a trial
basis.

Clyde W. Tombaugh
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procedure would assure that the background stars on each pl;
be as close to identical as possible during blinking so that a
[or asteroid or variable star) would stand out. Tombaugh choge
tively bright star near the center of each star field to serve asa
star so that the telescope would remain correctly targeted while
to track the westward-wheeling stars as the Earth rotated. His
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CLYDE TOMBAUGH GOES TO FLAGSTAFF

Clyde Tombaugh, the eldest of six children, was
born on a farm near Streator, Illinois, on February
4, 1906. He enjoyed exploring the heavens with his
Uncle Lee and his 3-inch telescope. Clyde virtual-
ly memorized the popular astronomy book his un-
cle loaned him. In 1920 his father and Uncle Lee
bought a new 2.25-inch scope from the Sears-
Roebuck catalog for them to share.

When Clyde was 16, his family moved to a rented
farm near Burdett, Kansas, and his uncle insisted
that he take the new telescope with him. So much
work needed to be done on the farm that Clyde
dropped out of school for a year to help. In 1925
he graduated from Burdett High with a longing to
be a college professor. But even a college education
seemed out of reach. He was needed for farmwork.

Yet the lure of astronomy was strong. In 1926,
Clyde fashioned an 8-inch reflecting telescope. He
made the mirror out of ship porthole glass, the tube
out of pine boards, and the mount out of discard-
ed farm machinery. But the curvature of the mir-
ror was not very good, and he was disappointed
with his view of the features on Mars.

With his father's help, Clyde built a storage and
storm cellar that could also provide the stable air
needed for telescope-mirror testing. He then made
a fine 7-inch reflector and sent it to his Uncle Lee.
His uncle paid him, and Clyde plunged the money
into a 9-inch mirror of his own. His days belonged
to farmwork, but his nights were devoted to observ-
ing the skies and carefully sketching the planets.
He completed his excellent new telescope in time
to enjoy the 1928 close passage of the Earth by
Mars.

The growing season of 1928 was developing in-

aph each region three times. The two most nearly identical
to phomgf_llg be blinked against one another. The third plate and pic-
n by a 5-inch (13-centimeter) telescopic camera mounted pig-
the telescope tube would be kept for comparison and—hope-

gh started in Cancer, to the east of Lowell's predicted location

e

to one of the best the family had ever k
a sudden hailstorm ruined the crop
harvest. Clyde decided against a career ir
He was 22 years old. He needed to geta
some money to help his family through
He weighed joining the railroad as an a
fireman or trying to start a telescop
business. He sent a few of his meticulous
of Jupiter, Saturn, and Mars off to the
vatory for appraisal. "It was the only
observatory I knew of," he confessed vye

His letter arrived at an opportune
Slipher, the observatory director, was o
a committed young observer to resume
graphic search for a trans-Neptuni
suspected by observatory founder Pe
and upon which he had invested so n
Slipher, his brother Earl, and Carl Lan
three professional astronomers on
Observatory staff, had all grown up
work. Slipher invited Tombaugh out to
a three-month trial basis. Clyde's family ¢
30 miles to the nearest railroad statio
advised him, "Clyde, make yourself
beware of easy women." The Kansas h
for its state motto Ad astra per aspera—"
through difficulties."”

Tombaugh arrived in Flagstaff on Ja
1929, after a train ride of 28 hours. He di
enough money to sleep in a Pullman |
didn't have enough money for a train ri

Clyde Tombaugh with his homemade
9-inch telescope on his family’s farm in
Kansas. The year is 1928, and Tombaugh
is 22 years old.

Clyde W. Tombaugh

Slipher met him at the station, and Tombaugh
moved into a bedroom at the observatory.

The lens for the 13-inch telescope to be used for
the search had not yet arrived, so Clyde was
Pressed into service showing tour groups around
the observatory, stoking the furnace in the ad-

e

"This and the following quotation are from Clyde W. Tt
Patrick Moore, Out of the Darkness: The Planet Pluto (|
sylvania: Stackpole Books, 1980), p. 25.

ministration building (as all the staff did), carefully
pushing snow off the canvas dome for the 42-inch
telescope, and painting the 13-inch telescope tube
red.

The lens arrived in February. Slipher coached
him through the photographic process, and quick-
ly Tombaugh was on his own. He faced a series of
problems that threatened the very precise work
necessary. When the clock drive of the telescope
(to keep it pointed at the proper star field as the
Earth rotates) turned through a particular position,
one of the telescope axes slipped slightly, creating
double images of each star. Such a photograph was
useless for blinking. A second problem was that the
glass photographic plates he was using shattered
in the numbing cold—and with a crack so loud
Tombaugh feared that the expensive telescope lens
had broken. It was up to him to find the cause and
invent a fix for each problem. He did. For the axis
slippage problem, he ran the telescope ahead and
then backed it up through the problem point so that
there would be no slippage when it ran forward.
For the problem of the photographic plates that
cracked, he found a new way to fasten them onto
the telescope so that the corners could expand or
contract before being tightened down.

Slipher was pleased with Tombaugh's progress.
"We think he is going to develop into a useful man.
He has several good qualities that are going to make
up for his meager training. . . . He has a good at-
titude: careful with apparatus, willing to do
anything to make himself useful and is enthusiastic
about learning and wants to do observing.*

2Letter of February 7, 1929, to Roger Lowell Putnam, Percival's nephew
and sole trustee of the observatory. Quoted by William Graves Hoyt,
FPlanets X and Pluto [Tucson, University of Arizona Press, 1980), p. 181
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Blinking

for Planet X. Each exposure captured 50,000 stars. Then Tomh
pushed on into Gemini, closer to the Milky Way. Now each pla
vided 400,000 stars to be inspected. 1
Five days into his search, on April 11, 1929, Tombaugh exp
number 10 and captured the object he was seeking. He captureg
on April 30, its companion plate for comparison. But the nint
went unnoticed by the Lowell Observatory astronomers w
responsible for the blink comparator examination. Plate 10 had.
in the brutal cold of winter at high altitude. It was still blin
the plates were not sufficiently well matched in backgro
brightness for successful comparison. Gemini was also too clos
horizon, so that light from that broad region passed through s
ly varying amounts of the Earth's atmosphere, dimming the
to the horizon more. Further, Planet X was expected to be sig
brighter than it was. There was little point in spending much ti
such unpromising plates.

Originally, Tombaugh was supposed to do only the photography.
microscope work would be left to the more experienced staff.
the beginning of summer, 1929, almost no plates had been blink
experienced staff had been too busy with other duties. The N
set in, reducing Tombaugh's observing time, so Slipher asked hir
over responsibility for plate comparisons on the blink micros
"I was overwhelmed,” Tombaugh recalled. "It had become
me that the one doing the blinking carried the heavy respon
finding, or not finding, the planet.”!

Clyde Tombaugh using
the blink comparator
with which he
discovered Pluto. This
photograph was taken
in 1938, as Tombaugh
continued his full-sky
survey.

Lowell Observatory
photograph
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.
Tombaugh spent half of each month at the telescope and the other half,

hen the presence of even the crescent Moon above the horizon made
b sky too bright for such sensitive telescopic photography, at the blink
:thsoope- His sessions at tl"lE blink microscope would last three to six
hours; peyond that the numbing routine was so exhausting that he could
ot stay alert. The average star count per photograph was 160,000.2
;:eas of the sky toward the center of the Milky Way yielded plates filled
with a million stars. "I came to dread the Milky Way regions,"” said
ugh.
Tbg::‘;lj\ﬁic]ied the plates so that he could blink a few hundred stars at
a time, examining each one for a telltale change in position. Tiny ir-
rities in the concentration of silver grains in the photographic emul-
sions gave rise to dozens of false planet suspects on every plate. There
were numMerous variable stars that were visible at maximum brightness
put invisible at minimum. They too could look like stars that had moved.
But “even more appalling” were the problems caused by asteroids.*
These minor planets in orbit around the Sun had a motion similar to but
generally faster than the planet he was seeking. Yet when the Earth caught
up with and passed each minor planet, it would appear to stop, go
packward (retrograde motion), and then move forward again. When
traveling slowly near a transition point to and from retrograde motion,
the asteroids closely mimicked the movement of a trans-Neptunian planet.
Often in the course of examining each star on every plate, Tombaugh
saw a starlike object that changed position, but each time it proved to
be an asteroid.
After much thought, Tombaugh solved the problem by photographing
the sky 180 degrees from the Sun's position (part way up the southern
sky at midnight). Here the retrograde motion of a distant planet and an

Fized Stars

Earth’'s orbit

As the Earth catches up
with and passes a
slower-moving outer
planet, that planet ap-
pears to stop and back
up (move westward) in
the sky. As the Earth
moves ahead of the
other planet, it appears
to stop its retrograde
motion and resume its
direct motion eastward
among the stars.
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Expanding
the Search

asteroid would be most noticeable In fact, at opposition all the gg
moved enough during the one-hour exposures to create a
photographic plates, thus allowing him to discriminate them f;
planet he sought.

Each photographic plate required a one-hour exposure. Each
plates required three days to a week or more of blinking. It
dening work.

But potentially the worst discouragement of all that Tombaug]
was the skepticism about a trans-Neptunian planet that he h
visiting astronomers. Most of Lowell's ideas were branded a
and Pickering's planet predictions were thought to be wild spe
Tombaugh remembered poignantly when a visiting astronomer g
confided to him, “Young man, I am afraid you are wasting
If there were any more planets to be found, they would have bee
long before this." 3

By early September, Tombaugh decided to search not just the are;
Lowell had predicted the planet would be but the entire zodiag,
little confidence in Lowell's predictions because they were basej
on the idea that the location of a ninth planet could be at least 1
established by the trans-Neptunian aphelia (far points in their
a family of comets. He resolved to make his search so thoro

nothing was found, I would be able to state such a planet does

Late in January 1930, Tombaugh was photographing the
tion of the constellation Gemini. His search of the zodiac had noy
full circle. He had returned to the region that he began with

On January 21, he exposed Negative 161, centered on the s
Geminorum. The sky transparency was good but heavy atmosp
bulence provided seeing conditions of 0 on a scale of 0 to 10

He returned to the Delta Geminorum region again on January 2
Negative 165. This time seeing conditions were very good.

He made his third plate of the area, Negative 171, on January
the seeing was very good.

The January 23 and January 29 plates were taken under the
conditions, so he planned to blink them against one another as
time permitted. There were many other plates to be exami

Tombaugh began the blink analysis of the Delta Gemino
on February 15. Three days later, late in the afternoon, he had
way through one-quarter of the stars on these photographic plats
at 4:00 pm. on February 18, 1930, two weeks after his
birthday, Clyde Tombaugh saw a star shifting back and forth as
microscope cut the view from one optically superimposed pl
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ther, It was 15th magnitude—fainter than the object expected. "That's
;.. Tombaugh said to himself.

A terrific thrill came over me. I switched the shutter back and forth, )
studying the images. Oh! I had better look at my watch and note the time.
This would be a historic discovery. . . . .

For the next forty-five minutes or so, I was in the most excited state of
mind in my life. I had to check further to be absolutely sure.

They were no defects on the photographic plates. The t\«_v(-J dots didn't
look like two different variable stars. The change in pOSlt.l()l'l betwet?n
January 23 and January 29 was right for a trans-Neptunian planet in
retrograde motion. He checked for the object on the January 21 plafe
and on the simultaneous photographs made by the 5-inch telescopic
camera mounted piggyback on the 13-inch. The object was real.

For 45 minutes he had been the only person on Earth to know of the
existence of a ninth planet. At 4:45 pm. Tombaugh called across the hall
to Lampland that he had found a trans-Neptunian planet. Yes, said
Lampland, "I heard the clicking of the comparator suddenly stopped,
then a long silence.”” Lampland immediately began studying the images.
“Then," said Tombaugh,

I walked down the hall to V. M. Slipher's office. Trying to control myself, 1
stepped into his office as nonchalantly as possible. He looked up from his
desk work. “Dr. Slipher, I have found your Planet X."” I had never come
to report a mistaken planet suspect. He rose right up from his chair with
an expression on his face of both elation and reservation. I said, "I'll show
you the evidence."

He immediately hurried down the hall to the comparator room. I had to
step lively to keep up with him.

“[Tihe air was tense with excitement,” Tombaugh recalled.* Vesto
Slipher insisted that there should be no announcement until the obser-

The discovery of Pluto.
Here are small sections
of the plates on which
Clyde Tombaugh
discovered Pluto on
February 18, 1930. The
photographs were taken
on January 23, 1930
(left), and January 29,
1930 (right). Pluto,
marked by an arrow,
revealed itself by its
motion.

Lowell Observatory
photograph
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Plate 1. With its giant dark spots, bright white clouds, and bandj
atmosphere, Neptune showed Voyager 2 more visible features than
or Uranus. Neptune rotates eastward (toward the right) on its axis o,
16 hours 7 minutes, but the spots move at different speeds witk
atmosphere. |
NASA/Jet Propulsion Laboratory

Plate 2. Voyager 2 at Neptune and Triton (Artwork by Don Davis|
NASA/Jet Propulsion Laboratory

Plate 3. Voyager 2 launch, August 20, 1977
NASA/Jet Propulsion Laboratory

Plate 4. Voyager 2 images of Uranus. On the left is Uranus in real colg
atmospheric details are visible. On the right is a computer-enhanced
of Uranus, with false color added to bring out detail. Now the atn
shows bands that run parallel to the equator. The south polar at;
of Uranus (pointed toward and a little to the left of us) is slightly da
color.

NASA/Jet Propulsion Laboratory

Plate 5. A Voyager 2 image of Uranus, with computer enhancement an
color added, shows a very large cloud (more than 5,000 miles
kilometers] long| in the planet's atmosphere in the one o'clock positi
south pole of Uranus is pointed almost directly at us, so this cloud lies:
the equator. (The doughnut-shaped rings in the picture are caused by
in the camera.) '
NASA/Jet Propulsion Laboratory

Plate 6. Uranus and its ring system seen from Miranda. Separate Voy
2 images have been used to simulate what a spacecraft near Miranda w
see of Uranus.

NASA/Jet Propulsion Laboratory

Plate 7. From above the north pole of Uranus, artist Ron Miller vi
the narrow Uranian rings which circle the planet's equator.
© Ron Miller

Plate 8. Voyager 2 found fault valleys up to 12 miles (20 kilometers)
on the Uranian moon Miranda. Artist MariLynn Flynn imagines astrong
at the bottom of this eanyon with a crescent Uranus in the sky.
© 1987 MariLynn Flynn

PLATE 1

PLATE 2




PLATE 4

PLATE 5

PLATE 6

PLATE 3



plate 9. CRAF (Comet Rendezvous Asteroid Flyby|] mission near a comet as
sarface ices vaporize. Astronomer and artist William K. Hartmann imagines
that the comet’s high carbon content gives it a reddish color.

© Painting by William K. Hartmann

Plate 10. The formation of the solar system: Planetesimals accrete to form

sl M . : : N : planets.
@ Painting by William K. Hartmann

Plates 11 and 12. Charon casts a shadow on Pluto. Here, artist Joe Shabram
views the eclipse from two angles: from Charon and at a distance from both.
Pluto, with polar ice caps, reflects more light than Charon. Nighttime on
Charon is not completely dark because of sunlight reflected from Pluto. That
sunlight, in turn, is reflected from Charon back to Pluto and keeps the
shadow cast by Charon from being completely black. Note the size of Charon
[and its shadow of equal diameter) compared to Pluto.

© 1988 Joe Shabram

Plate 13. Astronomer and artist William K. Hartmann depicts Chiron, the
outermost known asteroid, passing over the pole of Saturn. Chiron roams
from just inside the orbit of Saturn to almost the orbit of Uranus.

@ Painting by William K. Hartmann

PLATE 15

PLATE 12 .
Plate 14. The nucleus of a comet was seen for the first time when the Euro-

pean Space Agency's Giotto spacecraft used its Halley Multicolor Camera
to photograph Halley's Comet during its flyby on March 13, 1986. Comet
Halley's nucleus is jet black in color and irregular in shape—about 10 miles
(15 kilometers) wide. Gases from vaporizing surface ices carry dust grains
outward in jets. Comets may be planetesimals left over from the formation
of the outer planets and their moons.

© 1986 Max-Planck-Institut fur Aeronomie, Federal Republic of Germany;
courtesy of H. U. Keller

Plate 15. Looking back at Uranus, Voyager 2 took this farewell picture as
it began its 3.5-year journey to Neptune. Uranus is never visible as a cres-
cent from Earth.

NASA/Jet Propulsion Laboratory
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Confirmation

Carl O. Lampland,
assistant director of
Lowell Observatory
Lowell Observatory
photograph

vation could be thoroughly confirmed. "Don't tell anyone until
it for a few weeks," said Slipher. "This could be very hot ne

Tombaugh didn't even tell his parents. They found out about {}
discovery after the formal announcement almost a month Iz
the editor of their county newspaper called.

To confirm the existence of the new planet, the Lowell astro
cided to rephotograph the region where the suspect had been fo
that night, February 18, was overcast. Tombaugh, trying to fill the
went off to Flagstaff to see Gary Cooper in The Virginian. "The;

never be another day like that one,"” Tombaugh reckoned lat

The weather cooperated at least to some degree on the next for
Tombaugh captured the object with the 13-inch telescope on |
19, 21, and 22. On February 20, Slipher, Lampland, and Tomb
amined Pluto visually with the 24-inch (61-centimeter] refractor.
night, Lampland photographed the suspect with the
{107-centimeter| reflector® under seeing conditions listed as p
object had no discernible disk, the tip-off of a planet. Yet it la
tail, fuzzy coma, and other features of a comet. Sadly, there was nc
visible, which would have quickly confirmed it as a planet a
have offered a means to measure its mass.

Although everyone on the Lowell Observatory staff was confide
the discovery, Slipher delayed the announcement so that furth
matory observations could be made. He also wanted to get ah
on the computation of the planet's orbit so that the Lowell Ob
could be the first to publish it. He wanted as well to gather as.
formation on the new planet as possible before the observato:
larger telescopes overpowered their work. Slipher invited John
to come to Flagstaff to compute the planet's orbit. Miller, dire
Sproul Observatory at Swarthmore College, was a specialist in
mechanics and had taught the Sliphers and Lampland at
University.

On March 12, 1930, at 10:00 pM. Arizona time—midnight in |
Slipher sent a telegram to the Harvard College Observatory,
for the announcement of astronomical discoveries. The discoy
trans-Neptunian planet was announced the next day—March
It was the seventy-fifth anniversary of the birth of Percival
the one hundred forty-ninth anniversary of William Herschel"
of Uranus. The ninth planet had been found within 6 degrees o
predicted by Percival Lowell in 1915.

The story was front-page news around the world, and the scale:
interest amazed the Lowell staff. Harlow Shapley, director of
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College Observatory, was scheduled to deliver a talk on astronomy

small audience in Philadelphia on the evening of March 14. He de-
t?a to include mention of the new planet. The lecture had to be moved
adeﬁa“ronm so that a thousand extra people could be accommodated.
ta;en he showed a slide of Percival Lowell, the audience gave a
:undemus ovation—greater, Shapley felt, than any Lowell had received
in his Jifetime.® .

But Shapley and others were annoyed at and soon critical of the Lowell
Observatory for withholding all but one position for the new planet.
Slipher had released enough information for other observatories to con-
firm the planet's existence but not enough so that other a.stronomers.. (?ould
compute the orbit of Pluto without accumulating their own‘posttlonal
observations over a period of a month or so. By hoarding their January-

.mugh-Ma:ch observations, the Lowell Observatory astronomers had,

they hoped, given themselves enough data so that their orbital computa-
tion could be better than others.

Even so, two orbital computations appeared before that of the Lowell
Observatory. The first (released April 7) was from Armin Otto Leuschner,
Ernest C. Bower, and Fred L. Whipple at the University of California,
Berkeley, which gave a cometlike parabolic orbital approximation for the
new planet. Its distance from Earth, they computed, was 41 astronomical
units and the inclination of its orbit was 17 degrees. On April 8 a cir-

i-_ i
Vesto M. Slipher, direc-
tor of the Lowell Ob-
servatory after Lowell's
death
Lowell Observatory
photograph

LOWELLS CALCULATIONS AND MY SEARCH
by Professor Clyde W. Tombaugh

It has been stated by some writers of the Pluto story
that Percival Lowell's calculations greatly aided my
finding Pluto. Quite to the contrary, when I found
out in the latter part of 1929 how Lowell had
drastically changed his predicted position of Planet
X from Libra to Gemini, this indicated to me that
considerable uncertainty was involved, and I could
not take the prediction seriously.

Atthe start of my trans-Neptunian planet survey
at the Lowell Observatory in the spring of 1929, I
photographed the region where Lowell had pre-
dicted Planet X to be and the two Sliphers blinked
the three pairs of plates I had taken, spanning
Gemini. As it turned out, the Pluto images were on
the Delta Geminorum pair, but the Sliphers missed
them. Since the Sliphers failed to detect the Pluto

images on these plates, I wrote Gemini off and con-
cluded that Planet X might be anywhere in the
zodiac belt, if indeed Planet X existed at all. I in-
tended to thoroughly search the entire zodiac. After
I became experienced in blinking in the fall of 1929,
I realized that the Sliphers had scanned the plates
too hastily and that I should rephotograph the
Gemini regions again, this time under the proper
observational strategy, and then thoroughly blink
the new plates. =

1 rephotographed Gemini when it returned to op-
position in January 1930. I was blinking one of the
pairs of plates when I found Pluto two-thirds of a
degree east of the star Delta Geminorum on
February 18, 1930.
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Naming the
Planet

Venetia Burney, age 11,
from Oxford, England,
was studying myth-
ology in school when
she heard about the
discovery of the ninth
planet and proposed
the name Pluto.

Mrs. E. Maxwell Phair

cular orbital approximation from the Cracow Observatory in Pglay
published in the United States. i

On April 12, 1930, Slipher was ready and the Lowell Obge
leased its provisional orbit along with a number of planet position;
work, led by Miller, calculated that the ninth planet had an extes
elliptical orbit (eccentricity of 0.909) and a period of 3,000 yes
initial calculations cast some doubt on whether the object was 2
or not. The problem was that a decent orbit was hard to calcy]s
the object had moved such a tiny amount along its path. On May
astronomer Andrew C. D. Crommelin reported that the new plar
part of a field photographed at the Royal Observatory of Belgiuma
on January 27, 1927, thereby extending the recorded arc of the
motion by more than three years. The new calculation showed
less elliptical orbit (eccentricity 0.287) and a period of 265.3 ye i
trans-Neptunian object now had a clearly established planetary "
and this status was never again seriously challenged. These fi
close to the actual values for the ellipticity and period of Pluto's
were also close to Lowell's prediction for Planet X.

Meanwhile, suggestions for names flooded the observatory. Mr.
first proposed Zeus, then decided that the old gods were worn
that the planet should be named Percival. Then she changed h
again and proposed her own first name—Constance. In a final ef )
urged the name Planet X. Again, Slipher refused to be pressi
a quick announcement. He personally favored the name Mine;
dess of wisdom, but decided that that name was too firmly a
an asteroid. Acceptable alternatives, he felt, were Cronus and
Cronus was suggested by “a certain detested egocentric astrono
so this name was discarded.” (The rejected name had con
Thomas Jefferson Jackson See, an early and abrasive Lowell Obst
staff member.) The name Cronus (or Kronos) was also conside
than optimal because Cronus is the Greek equivalent of Saturn,
already well represented in the sky.
The name Pluto was officially proposed by Slipher on May
Pluto had actually been one of the first name suggestions recet
Lowell Observatory. It had come from Venetia Burney, an 11
schoolgirl in Oxford, England, who was learning about Greek and
mythology in school and thought that such a dim and gloomy
should be named for the god of the underworld.¢ As a symbol
Slipher proposed PL, formed from the letters P and L, the first t
ters in the word Pluto. They were also the initials of Percival Lowe
William H. Pickering, author of many outer-planet predictio
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E

v phappy with the choice of Pluto as a name. Frmjn his retire-
intialy e and private observatory on the island of Jamaica, he com-
5 t hm;:;t he had intended to use the name Pluto when his Planet P
edrt,d (although he had never published his intention). Eventually
o iled himself to the name Pluto and its PL symbol, comment-
b r:: :Iirci]qiting astronomer, "That's a good name—Pickering-Lowell!"*
ing g

luto was shown to have a planetary orbit, the ques.,tior? arose .a\s
ther Lowell or Pickering had been more accurate in his predic-
?Whe nted, it was solely Lowell's calculations that had spurred the
mm.h(ii;t lcdl to the discovery of Pluto at his observatory, but Picker-
'."eafcf irly similar predictions had lent some credibility to the search.
82 alll'; iaredicted orbital elements for Pluto were reasonably close
zglj'c.\”;;;ef.act, except for the critical element of location, better overall than
. s' and Le Verrier's predictions for the orbit of Neptune. Pluto was
m within 6 degrees of the locations specified t?y both Lowell and
Pickering (in his 1919 prediction of Planet O). Pickering was actually 0.1

degree closer.

Once P

Whom to Credit

A diagram of the actual
orbit of Pluto compared
with the orbits
predicted by Lowell in
1914 and Pickering in
1928. The orbits are
approximated by circles
with the positions of
their centers noted.
Dennis Rawlins
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Lowell's prediction was more nearly correct than Pickerj
planet's distance from the Sun, orbital eccentricity, longitude of e
perihelion date, and period. Pickering's 1919 prediction was |
the mark in orbital inclination, longitude of ascending node,

magnitude.

Pickering had revised his Planet O prediction in 1928 so ma
the anticipated object was very different from his 1919 planet, T
prediction foresaw an object with a mass of only 0.75 (still
truth] and with a most unusual orbit that crossed inside of Ne
All other aspects of Pickering's 1928 Planet O prediction w

spicuously wrong.

At first it looked as if the roles of Adams and Le Verrier
replayed: Two dedicated researchers had independently sol
lem that the scientific community had doubted could be solved

insight had been vindicated by a striking discovery.

But as more data flowed in, the question became whether P}
where Lowell calculated it would be, was actually the Planet X
had predicted. The overwhelming problem, right from the b
was one of mass. Pluto showed no disk to observers, even with
telescope at that time—the 100-inch (2.5-meter] one on Moun
Thus Pluto had to be small, far smaller than the 6.6 Earth

LOWELLS AND PICKERING'S PREDICTIONS FOR PLUTO"

Lowell's Planet X Pickering’s Planet O

Orbital Elements 1914

Mean distance

|astronomical units) 43.0 55.1
Eccentricity 0.202 0.31
Inclination about 10° about 15°
Longitude of node [not predicted) about 100°
Longitude of perihelion 204.9° 280.1°
Period (years) 282 409.1
Perihelion date February 1991 January 2129
Longitude (1930.0) 102.7¢ 102.6°
Mean annual motion 1.2411° 0.880°
Mass (Earth=1) 6.6 2.0
Magnitude 12-13 15

‘Based on William Graves Hoyt, Planets X and Pluto : Univer-
sity of Arizona Press, 1980), p. 221, Gy

Pluto
1930

39.5

0.248

b 2

109.4°
2234°

248
September 1989
108.5°
1.451°

less than 0.7
15

The Discovery of Pluto 87

had predicted; even smaller than the 2.0 Earth masses that Picker-
. (1919) had predicted. The mass could certainly be no greater than

that
poticea
kilometers

of our planet. Then how was it possible that distant Pluto could have
bly disturbed the motion of Uranus, a billion miles (1.6 billion
| away at its closest—as far as the Earth is from Saturn?

Yet, could it be that two independent researchers would so nearly co-
incide in their predictions and that their predictions would so nearly
coincide with reality unless their work was valid?

The controversy continued for many years.!° Throughout those years
new telescopes and techniques kept whittling away at the size of Pluto.
Measurements by University of Hawaii astronomers in 1976 found spec-
troscopic evidence of methane frost on its surface. Such an icy covering
could give Pluto a high albedo [reflectivity). But a high reflectivity meant
that the planet was still smaller than previously expected—smaller than
our Moon. Under those circumstances, Pluto's mass could be only a few

thousandths that of Earth.

e

CLYDE TOMBAUGH AFTER PLUTO

Clyde Tombaugh took leave from the Lowell Ob-
servatory each school year beginning in the fall of
1932 to formally study astronomy at the Univer-
sity of Kansas on a scholarship. He entered as a
26-year-old freshman and tried to enroll in the
freshman astronomy class. But the head of the
department was adamant: "For a planet discoverer
to enroll in a course of introductory astronomy is
unthinkable."!

At the end of spring semester 1934, he married
Patricia Irene Edson from Kansas City, and they
spent their honeymoon in Flagstaff. They had two
children. In 1939, Tombaugh received a master's
degree in astronomy.

As his planet search through the entire sky from
Flagstaff neared completion, Tombaugh was
drafted, in July 1943, the middle of World War II,
to teach navigation for the Navy at Arizona State
College at Flagstaff.

*Dinsmore Alter, quoted in Clyde W. Tombaugh and Patrick Moore, Out
of the Darkness: The Planet Pluto [Harrisburg, Pennsylvania: Stackpole
Books, 1980}, p. 160.

Following the war he was visiting professor of
astronomy at UCLA for a year and then, in 1946,
went to the White Sands Missile Range in New
Mexico as the supervisor of the Optical Tracking
Section. There he developed a tracking telescope
that could see the tail fins on V2 rockets at an
altitude of 100 miles (160 kilometers). Tombaugh's
work led to the tracking cameras that follow
manned and unmanned rockets from launch to or-
bit today and that, aboard spacecraft, look down
on Earth to provide pictures with incredible detail.

In 1955 he was appointed associate professor at
New Mexico State University, where he helped to
found the Department of Astronomy. He became
a full professor in 1956. He has been professor
emeritus since 1973 and continues to inspire
students with his lectures on astronomy.

In honor of his service and achievements, New
Mexico State University is establishing a Clyde
Tombaugh Scholars Endowment to assist postdoc-
toral astronomy students and an endowed profes-
sorship, the Clyde Tombaugh Chair in Astronomy.




88

PLANETS BEYOND

A Bulge

The matter was settled in June 1978 when U.S. Naval O
astronomer James W. Christy was examining pictures of Plu
April 13 and 20 and May 12, 1978. These photographic plate
exposed at the Naval Observatory's station in Flagstaff, A
four miles from the Lowell Observatory, where Pluto was.
Christy found a bulge in the image of Pluto—a bulge that
position on the second plate. Christy immediately interpre
as a satellite in revolution around Pluto, and examination of
photographs verified it.

As a name for Pluto's moon, Christy chose Charon, the b
Greek mythology who ferries the souls of the dead across
woe and lamentation to Plutd's underworld. Beyond its m
propriateness, Christy was especially fond of the name beca
name is Charlene—nickname: Char.

The presence of a moon in orbit about Pluto allowed for th
tion of the mass of the combined Pluto/satellite system. This ¢
by Christy’s Naval Observatory colleague Robert S. Harri gton,
amass of about two-tenths of one percent (0.002) of the Earth,
only about 20 percent the mass of our Moon.

The mass of the Pluto-Charon system was hopelessly i
produce measurable gravitational perturbations on Uranus or
Pluto could not be Percival Lowell's Planet X. The planet four
the planet sought. What had seemed to be another triumph
mechanics turned out to be an accident.

Or, rather, Pluto had been found not by theory but by the in
and thoroughness of Clyde Tombaugh's search.

CHAPTER 7

Toward
Uranus

“Fate often smiles kindly upon great endeavors.”
= les Kohlhase, Voyager Mission Design Manager

A flashlight provides more light in one second than Uranus has Provided
to Earth in the 200 years since it was discovered by Herschel in 1‘?’81..l
No wonder that two centuries passed before Uranus was revealed in

Watching Uranus as scarcely more than a dot in the skit?.s had told
astronomers about its orbit. Watching its moons in orbit hz{d t?ld
astronomers the mass of Uranus and that the planet was lying on its side
as it revolved about the Sun. Nearly every time a large new telescope
went into operation, it was trained on Uranus (and Neptune) to try to
see details, to measure a rotation period, and to discover new satellites.
Uranus was uncooperative.

Astronomers settled into a routine. The size of Uranus was refined.
The orbits and periods of the Uranian satellites were refined. The mass
of Uranus, calculated from its satellites' periods, was refined.
 Claims to have seen surface markings on Uranus were made and not
confirmed and made again later by others. But ever-improving telescopes
still could not confirm details on the face of Uranus.

Uranus as seen from Earth is the size of a golf ball seen at a distance
of 1.5 miles (2.5 kilometers). With no distinct atmospheric clouds, bands,
orstorms to provide contrast, the period of rotation for Uranus—the length
ofits day—was difficult to measure. Even spectroscopy—breaking down

A Long Wait
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An excellent view of
Uranus from Earth,
showing the five moons
known before the visit
of Voyager 2 in 1986.
The satellites are the
bright, starlike objects
closest to Uranus.
Titania is at the one
oclock position; Mir-
anda is at four oclock,
almost lost in the glare
of Uranus; Umbriel is at
seven; and Oberon and
Ariel are at eleven, with
Oberon the more dis-
tant. The south pole of
Uranus is pointed
almost directly at us,
50 these moons revolve
like a spot on the hand
of a clock. This picture
was taken by W. Liller
on June 12, 1977, with
the 158-inch (4-meter)
telescope at the Cerro
Tololo Inter-American
Observatory in Chile.

Mational Optical Astronomy
Observatories

light into its component wavelengths to study subtleties such
position, temperature, and atmospheric flow—was very difficul
prone to error for such a small, faint object at a distance of almost
miles (3 billion kilometers).

As the bicentennial of the discovery of Uranus neared, the nu

of moons known for Uranus had risen to five. The atmosphere
pected from the example of Jupiter and Saturn, was know
predominantly hydrogen. The pale bluish-green color of the plan:
be assigned to a very small percentage of methane in the atm
that absorbed red light. Spectroscopy indicated a rotation pel
Uranus of about 10 hours 50 minutes.? )

And that was pretty much all that was known. But the dis
faintness of Uranus did not stop Earth-bound astronomers fro
every technique at their disposal to wring more secrets from th
world. A big surprise came unexpectedly from a flying telesc
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s 3
March 10 1977, several independent teams of astronomers were in
On ar !

hern Hemisphere to watch as Uranus passed in front of a star.
e sition and speed of Uranus in orbit were well known, a tim-
e o gzcultation could provide improved information about the size
ingof lhf net. Observation of the way the star's light faded as Uranus
oﬂhe %it co-ulcl reveal the nature of the planet's atmosphere.
echpsimcrican team of astronomers, led by James Elliot, was aboard
,‘:EI‘:NS Kuiper Airborne Observatory, a converted military C-141 Starijffer
ing a 36-inch (0.9-meter) telescope and photometry equip-
t. They were flying over the southern Indian Ocean at 41,000 feet
e .U meters| to surmount as much as possible of the Earth's turbulent
L here and especially its water vapor, which absorbs the infrared
a‘mf?ll:at could provide information not obtainable from the surface of
:ﬁh_ Because the position of the star to be occulted was not known
with the greatest exactitude, the sensing equipment was turned on 47
minutes early to avoid missing the event. ‘

The action began immediately. The light from the star dimmed,
br}ghtened. then dimmed again, flickering at least five times. Yet- the ed.ge
of Uranus had not yet encroached upon the star. And no flaw in the in-
struments could be found. What was going on? Had a series of undetected
Uranian satellites caused the flickers? .

As Uranus moved on in its orbit and the star emerged from behind
its disk, the flickers repeated themselves in reverse order. Such symmetry
could not be the result of moons. The Kuiper Airborne Observatory team

N

cargo jet carry

Dimmings

NASA’s Kuiper Airborne
Observatory. The rings
of Uranus were
discovered in 1977 us-
ing the 36-inch (91.5-
centimeter) telescope
aboard this converted
C-141 jet transport. By
flying high above the
clouds, astronomers
can study infrared
radiation from celestial
objects. These
wavelengths are ab-
sorbed by water in the
air before they reach
the ground.

NASA
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To Uranus and
Neptune, Maybe

A Grand Tour

Joked about the possibility of a ring system immediately but
the idea because narrow rings were unknown and thought
plausible. Elliot hit upon the correct interpretation four days late
after he returned to the United States. No other conclusion
Uranus had a ring system.? Saturn was not unique.
Careful analysis of the flickers showed nine rather than fi
Uranus—all very thin and dark compared with the rings of &
served from Earth. It was the first ring system to be discovered fo
in more than 350 years.
But how could such narrow rings be preserved? Collisig
particles in the rings should spread them out into a broad,
debris like the rings of Saturn. So, typical for science, a

astrange ring system developed around Uranus? And how co

By the time that the rings of Uranus were discovered, two
spacecraft were already at the Kennedy Space Center being
for launch. The prime objectives of the Voyagers were Jupiter.
Each probe would fly past both planets. Voyager 2 could th
on to Uranus and Neptune, but only if Voyager 1 succeeded
If Voyager 1 failed, Voyager 2 would be retargeted for a look
moon Titan, a satellite with an atmosphere. Even if Voyager 1
and Voyager 2 could travel on to Uranus and Neptune, the
assurance that the spacecraft could continue operating long
Yet if Voyager 2 could survive, it could collect in six ho
Uranus far more information about the planet than had been
to gather in the 200 years since it was discovered. The spacec;

* Measure more exactly the size and mass of Uranus.
* Analyze the atmosphere of Uranus.
* Detect a magnetic field of Uranus.
* Examine the known moons and rings of Uranus and lo
discovered ones.
* Search for clues to explain the axial tilt of Uranus, the o
rings, and the evolution of the Uranian system.

On August 20, 1977, America's Voyager 2 space probe
Centaur rocket away from Earth on a trajectory that could
Jupiter in such a way that the largest planet's gravity woule
craft on to Saturn. With care, it would have the right path :
gravity of Saturn could, in turn, hurl the vehicle on toward Uran
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i osition and time of encounter, Voyager could use the
wiﬂljustfth[;:ﬁ:; Fo venture on to Neptune. It was a Grand Tour of the
S‘“mro st planets in the solar system.

i pev.rery 175 years do the outer planets align themselves so
e aft can, with minimal fuel, use the gravity of one to change
g spm:tec:nother and repeat that process twice more so that four suc-
e moore distant planets can be reached. Through most of two cen-
wvﬂymcket leaving Earth can visit only one or occasionally two outer
3 But for a very brief period once in every 175 years, space
Miueﬂs. and scientists can squeeze four planetary visits out of one space
_if that craft can last more than 12 years and still function in an
-onment where diminishing sunlight plunges the temperature toward
g-]fobelow zero Fahrenheit (—240° Celsius). 1k
‘The Voyager 2 Grand Tour mission to four planets almost didn't

h-appen-—-three times.

Pluto’s orbit

fTo Vernal Equinox

Voyager 2 launched

August 20, 1877 Neptune

Voyager 1 lau nched

January 1990

e

August 24, 1988
September 5, 1977
Earth's orbit
Jupiter
March 5, 1979
2
ceR Uranus
Jupiter yo L January 24, 1986
July 8, 1979
Saturn
November 12, 1980 Saturn ”
August 25, 1981 Y“GER .
Pluto
August 1989

T

The gravity-assisted flight paths of Voyagers 1 and 2.

2 makes a Grand Tour of all four giant outer
planets,

%‘H
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Obstacles

The opportunity began to take shape in 1965 with discow
Flandro and Michael Minovich that the gravity of the giant pla
be used to change the speed and course of a spacecraft so th
fly on to a new destination. Specifically, Flandro determined, a
could use the gravity of Jupiter to accelerate on to an outer
little or no further expenditure of fuel and with a great sa

Most fascinating of all, Flandro found that the outer planet;
positioned in 1977 for a four-planet trip. A standard rocket jous
from Earth to Neptune without gravitational assist would h
40 years.* The Grand Tour, as Flandro named it, would a
craft to visit the four giant planets in 12 years.®

But there was a severe constraint. The last time the four giz
had been favorably positioned for a Grand Tour was during th
cy of Thomas Jefferson. The next opportunity centered on 19
a spacecraft be built in time to take advantage of this rare planet
The challenges were formidable. In 1965, man had not yet
the Moon. Only one spacecraft, NASA's Mariner 4, had reache
as Mars. To fly a 12-year mission so far from the Sun would n
capabilities, it would require the development of new tech

With substantial power needs and yet sparse sunlight in the out
system, it would not be possible to use solar panels to provi
ty for the spacecraft. Instead the project would require minia
generators. ]
At such great distances from Earth, the spacecraft's onboard
would have to be able to recognize and handle emergencies,
communication with the Earth would require hours.
Finally, the spacecraft systems and scientific instruments
to last at least 12 years—a duration of time in 1965 that was lony
the space age was old.
As daunting as the challenge of the Grand Tour was, the p
congressional approval was greater. The mission was
December 1971. Most of the technical problems of a Grand
been solved—Pluto had even been added to the itinerary—but
balked at a price tag of nearly $1 billion. The United States had
the Moon but had no long-range plan for space exploration.”
In the summer of 1972, Congress voted $360 million for a less
project: a flight to Jupiter and Saturn by two probes patterne
Mariner probes that had successfully flown past Mars and
Jet Propulsion Laboratory in Pasadena, California, operated
by the California Institute of Technology, would be the lead
the project.

was given 2
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The S

horter two-planet flight required spacecraft designed for only a
n—not 12. The Mariner Jupiter-Saturn project would use

. jssio :
il e onal assist at Jupiter to reach Saturn, but the Grand Tour mis-

0 jtati
sjon to en

compass four planets was dead.

—“OVERY OF THE GRAND TOUR VOYAGER MISSION PROFILE

g_lbsfoﬂy A. Flandro

PART 1

y k that led directly to the Gl:and Tour began
ﬁ:;:(};t Propulsion Laboratory in 1965 when 1
8 summer position to supplement my

i i tics
stipend as a graduate student in aeronau

?Jt:e Cl:iil;omia Institute of Technology. I had

worked at JPL several times previously doing

engineering work on missile trajectories, aerody-

amics, and guidance systems. I learned as much
l?i-i:::::.f\mrkinglgntl'xere as from any of_ my formal
te studies. The outstanding engineers at JPL
had been a major inspiration for me to pursue
graduate studies in space science. . )
My supervisor was Elliot “Joe" Cuttmg_, with
whom I had worked earlier on some tra]gct?ry
problems. Joe assigned me the task of identifying
possible unmanned missions to the outer planets.
That was quite a leap at a time when America’s
longest spaceflight had been Mariner 4 to Mars.
The mere thought of missions to Saturn and beyond
caused spacecraft engineers to tremble. The great
distances to those bodies required long flight times.
In 1965 the problem of building reliable mechani-
cal and electronic devices with lifetimes long
enough for trips to Mars (about 9 months) had not
been truly solved. Missions that required vehicles
to perform flawlessly for 9 years or longer were
thought to be beyond our technical capability.
Flights to Jupiter would take about 2 years, possibly

 just within our grasp, but missions to Neptune or

Pluto would require approximately 40 years with
the minimum energy transfer trajectories used in
most space exploration. Another very worrisome
problem was the difficulty of communicating over
such vast distances. In light of these and other prac-
fical considerations, NASA and JPL management

Gary A. Flandro
Courtesy of Gary A. Flandro

had little interest in outer-planet exploration in
1965.

It was a great challenge to try to make explora-
tion of the outer planets practical. I examined the
conventional spaceflight trajectories to reach an
outer planet with the least energy expended, in
which a spacecraft is treated as a miniature planet
in an elliptical orbit around the Sun. The vehicle's
perihelion is the Earth's orbit, its aphelion is the
target planet's orbit, and the flight is timed so that
the spacecraft will arrive at the target planet's or-
bit just as the planet itself reaches that position. For
trips beyond Jupiter, the flights took too long. We
needed more speed, but we could accelerate the
payload in a major way only during the rocket burn
following launch. After that, a spacecraft bound for
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the outer planets constantly loses speed because of
the Sun's gravity. To get more launch energy re-
quired either larger and more expensive rockets or
much smaller and lighter space vehicles. Practical
limits in both those directions had apparently
already been reached. Was there some other energy
source that could be tapped en route to increase the
speed of the spacecraft? That was the key
realization.

Astronomers had known since the late 1600s that
when a comet passes close to a massive planet like
Jupiter, its kinetic energy is changed tremendous-
ly and its orbit is greatly perturbed. Spaceflight
pioneers understood this but did not realize its
potential. The earliest study of "indirect” trajec-
tories that used intermediate planets to mold the
flight path in a desirable way was by Walter
Hohmann in his book Die Erreichbarkeit der Him-
melskorper (The Accessibility of the Celestial
Bodies), published in 1925. He called these
multiplanet trajectories the “Hohmann route” and
designed the first Earth-MarsVenus-Mercury flight
paths.

In this work also, he first described the Hohmann
minimum energy transfer orbit—the cost-effective
trajectory utilized by a majority of planetary space
missions.

Much later, indirect trajectories were proposed
by Gaetano Arturo Crocco, the Italian scientist and
aviation pioneer. He discovered that flight paths
between the Earth, Mars, and Venus could be
designed to utilize energy losses and gains in
repeated close flybys to keep a space vehicle con-
tinuously in what he called the Grand Tour of the
inner solar system. Crocco described his discovery
in 1956 to the Seventh International Astronautical
Congress in Rome.

The space age began the next year, but scant at-
tention was paid at first to such trajectories in the
technical literature on spaceflight. An exception
was Krafft Ehricke, one of the original Peenemunde
scientists. In Space Flight {1962), his voluminous
work on applied celestial mechanics, he described
the physical situation most clearly: “One rule,
however, remains generally valid: If at all possible,

maneuvers for changing the heliocentric orbital

. 10, For Mariner 10 to travel fr?m i..he Earth
toward the Sun required that kinetic energy
igward ced. The net result was that flight time to
be red! vla Venus was longer than a direct ellip-
L.{m;?nsfer would require.
i e work of Minovich on solar system escape
1.1’ ories demonstrated that these were truly
nceptions. It became clear to me that the key
outer solar system was to utilize the gravity-
assist method. It was also obvious that Jupiter, with
< enormous mass to bend spacecraft trajectories,
i the best energy supply station, since its
'mce was reasonable, requiring typically a two-
oar flight time.
w‘fﬂes& considerations in mind, I b-egan _cle-
tailed studies of Earth-Jupiter-Saturn trajectories.
previous work of this sort had been elementary,
simed just at establishing the feas%bi:iity <.){ §uch or-
bits, My task was to calculate realistic mission pro-
files so that estimates of actual flight times,
loads, and planetary approach distances and
could be made. Of greatest importance was
o identify "launch windows," periods during
which such missions could be initiated.
In July 1965, 1 found that the best launch dates
fora Jupiter-Saturn trajectory occurred in the late
1970s, perfect timing for the developing space-
exploration program. I located the optimum launch
dates by drawing graphs of the planetary longitudes
for all of the outer planets.
It was at this time that I discovered something
that had apparently not been noticed earlier: In the
early 1980s, all of the outer planets would be on
the same side of the Sun and in amazingly close
proximity. This conjunction of the outer planets
provided the inspiration for the Grand Tour mis-
sion concept. I could see immediately that a single
spacecraft could explore all four giant outer planets
by using each planet in succession to modify the

elements should be carried out during
bolic encounter with a planet, rathe
heliocentric space. The greater the p|
the greater the energy saving.” But atten
early 1960s was focused on the complet;
ple one-target missions, so multiplanet f]
did not attract much attention.
By 1965, however, JPL investigators
amining gravity-assist flight paths. Joe ¢
Francis Sturms had devised a trajectory
nermost planet Mercury that used a fl:
to drop the spacecraft in toward the Sun,
cept became Mariner 10, the first
multiplanet mission, and returned
tures of Mercury’s surface.
Also working on gravity-assist possibilif
summer at JPL was Michael Minovich,
graduate student in astronomy, but
seldom crossed because he preferred to -
night. He was studying trajectories that
flybys of Jupiter for the purpose of eith
the solar system or making close appr,
Sun. If a spacecraft caught up with a p
behind, it gained energy and was flung
an increased speed instead of returning
ner solar system on its original elliptical
If a spacecraft crossed in front of a plas
energy and fell in closer to the Sun. Joe C
gested that I examine gravity assist asa
reaching the outer planets.
Strange as it now seems, many JPL e
misconceptions about gravity assist in 1
knew that because of gravity a spacecr
gain speed as it approached a planet and
as it coasted away, but they thought
would be no net change in the space
relative to the Sun. They failed to consid
planet was in motion around the Sun
itself lose energy as it accelerated the s

tothe

of skepticism; I found myself doubting that any-
thing practical could be done with the Grand Tour
in view of our nation's slow progress in attaining
spaceflight capability. However, ten years were
available to overcome the engineering difficulties,
and on second thought, motivation supplied by a
goal like this one could have a real impact on
progress.

1 immediately began work to determine if prac-
tical multi-outer planet trajectories could be
located. The trajectory computer programs
available were not truly adequate for the job. I
evolved a hand method using tabulations and
graphs for “matching" the trajectories across each
planetary encounter. Later, conic trajectory pro-
grams were developed that automated this tedious
process. I set up a sequence of about ten trajectory
runs each night and submitted these to the pro-
grammer (it was a job-shop computer operation in
those days) and picked up the results the next mor-
ning. I would then examine these results to deter-
mine the next set of runs.

It took about a thousand trajectories to map out
the original mission profiles and launch dates for
the Grand Tour. These were plotted on graphs
showing launch dates versus arrival dates, with
spacecraft launch energy as the variable. This made
it easy to visualize when and how the best mission
possibilities would occur. The best launch window
was in September 1978, with acceptable windows
in 1977 and 1979. The actual launch dates used in
the Voyager missions were virtually the same as
those worked out by primitive methods in 1965.

Convincing others that the Grand Tour con-
stituted a real mission opportunity was the most
difficult part of the job. Cutting saw the possibilities
immediately, but there were many naysayers in the
ranks at JPL. They scoffed at designing a space
vehicle that could survive many years and a close

spacecraft’s trajectory as necessary to rendezvous

Another misco iy t m : : 2
7 mCeptian v (g with the next planet in the series.

jectories took a spacecraft out of the most
bital course to its final target and that fl
gravity assist would increase rather than
flight time. This was a natural conclusio;
from examination of Hohmann's cal
early multiplanet concepts such as th

PART 2

This was a rare moment of great exhilaration. In-
stantly it was mixed with a considerable amount

passage at Jupiter. .
Eventually I was asked to present the Grand Tour
concept to Homer Joe Stewart, one of my professors
at Caltech, who also worked at JPL as director of
the advanced concepts group. He saw the poten-
tial instantly.
The very next day, JPL issued a press release
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describing the Grand Tour to the outer planets.
Serious consideration of a multi-outer planet mis-
sion at JPL had begun. It eventually culminated in
the successful Pioneer 11 and Voyager 1 and 2
missions.

Public opposition to the Grand Tour appeared at
once. A hippie group, upon reading in the press
release that the energy for flinging the spacecraft
outward came at the expense of Jupiter's orbital
energy, decided to organize the Pasadena Society
for the Preservation of Jupiter's Orbit. They pa-
raded in downtown Pasadena carrying signs, one
of them wearing a flowing black cape and top hat,
and held meetings for a short time in a good-
natured way. But the real problems for the mission
came later.

PART 3

The summer was over. My direct involvement
with Grand Tour planning was finished, although
for several years I continued to aid in the marketing
of the mission concept by presenting technical
papers and answering questions from the press.
There was widespread acceptance of the idea with
such notables as Wernher von Braun and President
Nixon indicating support. In 1972, I received the
annual Golovine Award of the British Inter-
planetary Society in recognition of my work in
celestial mechanics. I had been nominated for this
award by William H. Pickering, the JPL director.

'William Hayward Pickering (b. 1910) is no relation to William Henry
Pickering {1858-1938), predictor of trans-Neptunian planets.
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In the meantime, things had not gone wej
Grand Tour mission. The original very
JPL plan involved a spacecraft that wg
ejected atmospheric probes and orbiters g
termediate planet. That mission was cap
1971 because of NASA budget restraj
a less ambitious Mariner-class spaceg;
was substituted. This “plain vanilla" p
based on the original Earth-Jupiter-Saf
assist flight path.

When it became apparent that the o

till possible, with a 1977 launch, to fly the Grand Tour b1:lt on-

e © jcing optimum views of Io and Titan. If Voyager 1 flew suitably

lyby Jo, it would acquire so much velocity from Jupiter that it would

: # glatum too soon to be diverted on to Uranus. If Voyager 1 flew

i v?,]? close to Titan, it would leave Saturn headed in the wrong direc-
sf“tam reach Uranus. . ) ' u ‘

tif Voyager 1 gave up its option for a Grfm.d ’I‘our,' it cvou exar.mne

Bul and Titan close up as the central mission objectives required.

b ‘:guld leave Voyager 2 in a backup position—ready to und.ergo mid-

- correction to fill in for Voyager 1 if it failed at Saturn. But if Voyager

G_rs_md Tour mission wo_ulc_i indeed fly, cceeded at Saturn and Titan, Voyager 2 could follow.up :_an_d broaden
d1v1due.ﬂs came forth claumf:g to be the :h ?cwera ge at Saturn as it would at Jupiter while maintaining course
of the idea. Truly, the multi-outer p d Tour mission on to Uranus and Neptune.

Gran i
fo;;e flight to Uranus and Neptune, already twice canceled, was on

in. It required no extra money, at least not immediately. It was only
i cy plan. A hope. A dream.
¢ %‘.:;f:; \iag launched first, on August 24, 1977. Voyager 1 lifted off
on September 5, 1977, on a slightly more direct and hence faster rout_e
sothat it would reach Jupiter and Saturn ahead of its sister ship. But proj-
ect managers still considered a successful Grand Tour a long shqt.
er 1 succeeded brilliantly at Jupiter. It documented in detail the
wurbulent flow of the Jovian atmosphere, especially near the Great Red
Spot, a centuries-old storm that is at least twice the size of Earth. Voyager
1 found that Jupiter has a faint dusty ring.

concept is the outcome of the work of
ple. Walter Hohmann, originator of the m
trajectory, and G. A. Crocco deserve as
as anyone for suggesting the use of g
in planetary mission design and for
Grand Tour. The solar system escape a
solar probe study by Mike Minovich den
the benefit of the Jupiter gravity-assist ma

The two Voyager spacecraft proved so
the first legs of their flights that the Vo
plan was extended to perform the full
Grand Tour mission, which culminat
Voyager 2 made its final encounter, at Ni
August 1989, 24 years after my memo
mer at JPL.

Resurrection

Almost, but not quite. NASA began plans for a third Mariner p;
be launched on a Jupiter-Uranus mission in 1979. In 1975, th
Uranus project and the third spacecraft were canceled for lack of
In 1977, the Mariner Jupiter-Saturn project was given
manageable name—Voyager. And the Voyager management t
a final fond look at the Grand Tour plan. The highest priority obj
at Jupiter and Saturn included not just data from the planets
close-up pictures and measurements of Jupiter's innermost
Io, and Saturn's largest moon, Titan.

Winds flow turbulently
around the Great Red
Spot on Jupiter, as
seen by the Voyager
spacecraft

NASA /Jet Propulsion
Laboratory



100

PLANETS BEYOND

Voyager 1 discovered
that lo, Jupiter's inner-
most large moon, has
more active volcanoes
than any other body in
the solar system. A
volcano on the horizon
hurls ejecta more than
a hundred miles above
Io's surface.

NASA/Jet Propulsion
Laboratory

Exploring Jupiter's moons, Voyager 1 discovered active v
Io, the surface of Europa covered by cracked ice, paralle] z
grooves on Ganymede, and a surface on Callisto so heavily crg
new impacts erase as many craters as are formed.

A Grand Tour for Voyager 2 was still a possibility.

Voyager 1 again performed splendidly at Saturn. It learned
fabled ring system was composed not of a few but of thousang
Winds in Saturn's atmosphere reached speeds of 1,000 miles
(1,600 kilometers per hour).

Voyager 1 discovered
that Jupiter has a faint,
dusty ring. The tiny
particles showed up
best as Voyager looked
back through the ring
toward the Sun to see
sunlight scattered by
the dust.

NASA/Jet Propulsion
Laboratory
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Jupiter's Ganymede,
the largest moon in the
solar system, has a
highly wrinkled surface
that suggests extensive
movement of crustal

NASA/Jet Propulsion

Jupiter's moon Europa
has the smoothest sur-
face of any body in the
solar system. The
cracks in its water ice
crust do not jut upward
to appreciable height.
NASA/Jet Propulsion
Laboratory

This high-resolution
mosaic of Callisto,
Jupiter’s outermost
large moon, shows that
it is saturated with
craters. Except for im-
pact cratering, little
has happened to Cal-
listo since it formed.
NASA/Jet Propulsion
Laboratory
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The Voyagers found
that Saturn’s ring
system was composed
of thousands of rings.
NASA/Jet Propulsion
Laboratory

The Voyagers revealed
for the first time sur-
face details on the
moons of Saturn. This
is Dione.

MNASA/Jet Propulsion
Laboratory

age of Saturn’s atmo-
sphere as seen by the
Voyagers. The spots are
smaller versions of
Jupiter's Great Red
Spot, but on Saturn the
Jet-stream winds flow
three times as fast.
NASA/Jet Propulsion
Laboratory

Computer-enhanced im-
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ff;atum's moons, Titan was known to have an atmosphere.
Among

1 found that this atmosphere was denser than Earthis and thgt
er_ | constituent was nitrogen. It revealed for the first time details
tsprinche cmoons of Saturn, a wild variety of terrains with abundant
on the Oth;rat despite their modest size, these worlds had experienced
i v olultion long after formation. Voyager I discovered two new
mwmatl g:tum and confirmed the theory that a narrow ring could be
b?liied by small shepherd moons.
- Grand Tour for Voyager 2 now loomed large.
geAugust 25, 1981, Voyager 2 successfully cleared Saturn on course.

and Tour was on. i
Th;n(irbm again threatened, this time by problems with the spacecraft.
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Eliis D. Miner, Assistant Project Scientist for Voyager

Voyager spacecraft instruments and equipment

MNASA/Jet Fropulsion Laboratory

Voyager 2 is legally deaf, chronically arthritic, and just a touch.
A .few m.onths after Voyager 2 set out for Jupiter, one of

receivers, vital for the spacecraft to receive instructions from Eard

outright and the backup receiver lost its tuning ability. As it flew by Saturn, the Voyager 2 scan platform, which turns the

cameras and some of the other scientific instruments toward their targets,
seized up.

Throughout most of the mission outward, a small portion of the
spacecraft's computer memory has been inoperable.

Yet by the time it reached Uranus on January 24, 1986, after a flight
of eight and a half years, Voyager 2 was a better spacecraft than when
it left home. The Jet Propulsion Laboratory scientific and engineering
team had redesigned the spacecraft in flight.

Seven and a half months after launch, en route to Jupiter, a power surge

A
Voyager spacecraft on Voyager 2 permanently destroyed the primary radio receiver and Imost
”L:::,_:_‘::r Fropuision damaged the backup so badly that it could not tune to receive different Showstoppers
ry

frequencies from Earth. Before the failure the receiver had been able

104
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to scan across a 100,000-hertz range and lock onto the sign 3 d had jammed as it pivoted rapidly to follow targets one and a
m

of pictures and measurements scheduled to be made were lost
ing speeds. Because of gravity, the spacecraft's speed gradually [ the spacecraft could not point its instruments in the right direc-
as it approaches a planet or moon and gradually slows down

Y brication gradually seeped back into the gears and the system
ing it. The receiver's scan/lock-on feature was also nece Lu

ﬁm to be working again at slow and moderate speeds, but the mis-
sate for variation in receiver temperature, which alters what- e to take no chances. The Uranus encounter would be
peta <o team wﬂﬂted
the radio can receive. sion

o brief that even one picture was too precious to be lost. So whenever

After the power surge aboard Voyager 2, the tiny remaining ¥ or even moderately fast slews were required of the scan platform
fl‘E'.C{lLEIECieS that the fﬁ"’;f could accept was gfnl}'digﬁ hertz. ' track the targets, the entire spacecraft was rolled to follow the ac-
width for reception had been cut a thousandfold. A ch

m s Rolling the entire craft provided smoother motion besides. But it
{0.25°C) was enough to render the spacecraft deaf. This !
severe and scary. Without the ability to update the spacec)

cas tricky. Voyager 2 would rush by the moon Miranda at 20 times the
i ; w of arifle bullet while the whole spacecraft rolled to pan its cameras
tions, the mission was lost. The flight team solved the problem i
adjusting the transmitted wavelengths to compensate for t]

o an accuracy of better than one-tenth of a degree.

'm;memhancement of Voyager to meet the challenge of Uranus and Nep-
Effect and expected temperature so that Voyager 2 could '
messages within a single small bandwidth, the only frequenc

tune did not stop with an understanding of and a compensation for the
sean-platform problem. In the weak sunlight at Uranus and with Voyager
hear. The flight team would transmit to Voyager 2 only wh :
was in normal cruising mode. After spacecraft maneuvers th

f:;mg as fast as 56,000 miles per hour (25 kilometers per second), ad-
heat within the probe, the flight team would wait 48 hours b
ing messages to Voyager 2.

ditional care had to be taken to make the craft as steady as possible dur-
This radio reception problem meant that Voyager 2 would

ing picture taking. Even the Sta:rti.ng and stopping of Voyager's tape
recorder was a problem. Every time the recorder turned on, the. start-
wofthe spinning reels created equal and opposite momentum in the
Earth commands during the close phases of the Uranus spacecraft. The spin induced in Voyager was very tiny because of its much
encounters. No matter. A message from Earth to Voyager at areater mass, but the spin was nevertheless very real and could blur pic-
a confirming message from Voyager to Earth required five {uresand foul up other directional measurements. When the tape recorder
hours—almost the entire length of the Voyager 2 close enco med, the spacecraft picked up that momentum and began to spin slow-
Uranus. The spacecraft would have to be very carefully pre li'i“ the direction that the reels had been turning. For every action, there
with instructions for the entire close-in data-gathering and p isan equal and opposite reaction. It was a textbook demonstration of
sequence at Uranus and Neptune in order to enjoy a suc Newton's third law of motion. It was also a troublesome obstacle to quality
By the time some instructional error was revealed during the pictures and other measurements expected from Voyager 2. The mission
there would be no time to correct it. And there would be team solved the problem by programming Voyager 2 to fire tiny bursts
chance. -~ ofgas from its thrusters to counteract the torque created by the starting
And just in case this final frequency fails, the flight team and stopping of the onboard tape recorder.
Voyager 2 loaded with the latest instructions to carry out th - Voyager 2 also ran afoul of a computer memory problem when a com-
flyby without further update from Earth. puter chip failed in one of the two scientific computers. The damage was
The technical challenge of getting good information from [ '
intimidating. Uranus lies at twice the distance of Saturn, so't
one-fourth as much sunlight at Uranus to provide illuminat
tures. Thus long exposures are necessary. But long exposures

imeparable and cost that computer 3 percent of its memory capacity. For
this problem, there was no “fix" except to moderate demands on the
objects lead to smeared images unless the camera is moved
target.

computer.*
Unfortunately, the scan platform on which Voyager 2's ¢

Thus, on its way to Uranus, Voyager 2 developed three potentially
g\_!!lmvstopping technical problems—with radio reception, with its scan
Platform, and with its computer memory. From Earth, millions of miles
away, these problems had been detected, diagnosed, and worked around
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Enhancements

so that Voyager 2 lost very little of the capabilities built into

not have to forgo any of the experiments planned for it to.
But the ground team went much further than restoring the

to its initial proficiency. They actually made it better.

As Voyager 2 sped farther from Earth, its radio signal beea
At Jupiter, the signal was weak but adequate. At Saturn, aly
as far away, the signal was four times weaker. At Uranus, more
the distance of Saturn, the signal upon which all the data w,
ceived on Earth was four times weaker than from Saturn
times wealker than from Jupiter. The result was that in ord
a jumbled message, Voyager 2 could not pack its data so
transmission, just as a speaker talks more slowly to make
understood. )

Especially critical were the images to be transmitted, whic
vast amounts of transmission time. All Voyager pictures ar
white, but taking multiple pictures through different filters 2
tists back on Earth to combine filtered pictures to make ¢
Even so, transmitting black-and-white pictures requires eno
tities of bits. Each Voyager image is a television picture forn
array of 800 pixels (picture elements, dots) across and 800 pixels
total of 640,000 pixels. And the darkness or lightness of eag|
pixels is described by 8 binary bits to provide a gray scale of
Thus each picture to be transmitted required 640,000 x § =
bits of information—over 5 million bits.

At Jupiter, Voyager's X-band transmitter could start and fi
casting a picture to Earth within 48 seconds.® At Saturn, wher
forced Voyager 2 to use a lower data transmission rate, the ti
the start and finish of a single picture broadcast was abou
half minutes. At Uranus, the transmission time for a single i
rise to ten minutes—unacceptably long. When Voyager rolle
cameras could track a target, its antenna would be turned
Earth and its tape recorder would store the images until th
transmitted. With transmission times so long, there was d
recorder would be quickly overwhelmed and precious picturesa
data would be lost. 1

The computer scientists at the Jet Propulsion Laboratory ca
a solution—a computer innovation called data compression.
describing the exact shade of gray of each pixel in an im
first pixel in each line would be precisely described. Each
lowed in that row would then be described only in terms of b
lighter or darker it was than the one preceding it. This data

pythe

The Grand Tour of Voyager 2

109

:ed risks. An error (due to electronic noise| at the beginning of

Lo would create errors in all the other pixels in that row. And an er-

ixel in the row would make the values of all following pixels
2 g. The image as a whole, however, ought to reveal such

was another risk. Data compression would have to be performed
computers aboard Voyager 2, and the computer program to corrrl-
ihe data was so extensive that it would require one of Yoyager s
Ezsmuﬂc computers to be completely dedicated to this function alone.

vt it was worth the risk. The data-compression system reduced the
e of bits required to send an image by 60 percent. Instead of 12

. tes to broadcast one picture from Uranus, it would now take only 5.

But data compression was not the only improvement to Voyager 2 made
route to Uranus. Voyager engineers also worked out ‘a nfzw system
. shorter bursts on the thrusters to stabilize the craft, making it smooth:er
::;B maneuvers. Voyager 2 became able to take steadier pictures while

pecoming more conservative of fuel.

50 as Voyager 2 got older, it actually did get better, thanks to the in-
genuity of a lot of scientists and engineers on Earth.

And facilities on Earth improved as well. They had to if they werﬁ going
-bhea-l‘ the puny radio signal of Voyager all the way from Uranus. “Clear-
channel” radio stations in the United States broadcast on 50,000 \:\ratts
of power. Voyager 2 transmits its data to Earth on 22 watts. But Fhat §1gnal
' out during its journey from Uranus so that by the time it has
traveled 1.75 billion miles (2.8 million kilometers), a 210-foot {BA!-—meter]
dish receiver on Earth captures only one-billionth of one-millionth of
2 watt.

To receive Voyager 2's information from Jupiter and Saturn and to
transmit instructions to the spacecraft, NASA had used its Deep Space
Network—three tracking stations scattered a third of the way around the
world from one another. One is at Goldstone, California, 100 miles (160
kilometers) northeast of Los Angeles. The second is near Madrid, Spain.
The third is near Canberra, Australia. Each Deep Space Network site
was equipped with a steerable parabolic dish antenna 210 feet (64 meters)
in diameter.

For the Uranus encounter those dishes weren't enough. NASA
‘augmented their receiving capability by linking the giant dishes to smaller

112-foot (34-meter] dishes at each station. It worked like an old-fashioned
tarhorn for a partially deaf person: the more receiving area, the more
signal captured. At Madrid, a single 112-foot antenna was arrayed with
a210-foot dish, boosting reception by about 28 percent.

Bigger Ears

(9,2

MNASA's large Deep
Space Network radio
receiving dish at
Goldstone, California
NASA/Jet Propulsion
Laboratory
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Bull's-eye

The timing of the encounter placed the greatest burden on
and Goldstone sites. There, two 112-foot antennae were 3
the 210-foot dish, and receptivity was increased by about 56 »
At Canberra, the receiving site for Voyager's data from Uranyg
encounter, a further enhancement was made. The Australian
linked its 210-foot (64-meter) Parkes radio telescope with tk
array of NASA's Deep Space Network at Canberra to form
antenna with the reception power of a 400-foot (100-meter

s - To Syp
In addition to the chronic ailments of its remaining radio
scan platform, and its computer memory, and in addition #
distance that affected the strength of the radio signal from Vi

Ariel _
the time for instructions to reach the spacecraft, Voyager 2 B ors. -6 -4
challenge at Uranus because of the planet's orientation. L+

The two Voyager probes had previously encountered Jupiter
planets that, like Earth, travel around the Sun with their ro
nearly perpendicular to their orbital planes. Because they t
the Sun "standing up," their equators lie nearly in their orl
All the rings and a great majority of the moons in the solar
around their planets' equators. So the rings and most of
Jupiter and Saturn lie nearly in the plane of revolution for
which is extremely close to the orbital plane of the Earth and
tially the plane formed by flight of Voyager 2. Thus as
approached Jupiter and Saturn, it was a little like approachin;
a flat map. Voyager first found itself in the suburbs, able to she
shot of one moon and then prepare for the next. In
spacecraft passed one moon after another, then closest to th
then outward past additional moons one at a time. The Jupi
close encounters were each spread out over several days.

Uranus was not so accommodating. Voyager 2's closest enci
Uranus, its rings, and all of its moons were crammed into
less than six hours.

The rings and moons of Uranus revolve almost precisel:
equator, just as most of the moons and all of the rings of the of
do. The problem is that Uranus lies on its side as it revolves
Sun. So the orbits of its moons and rings are tilted, like the plz
perpendicularly to the orbital plane of Uranus. Even so, if
of Uranus had been more or less edge on to Voyager as it
{which is approximately the case for about half of the 84-
Uranus), Voyager could have passed across that orbital plz
moons could have been studied sequentially on approach and @

But the planetary alignment that allowed Voyager 2 to by

Titania—

Jupiter to Saturn to Uranus to Neptune just happened to catch Uranus
with its south pole pointed toward the Sun, the Earth, and the approaching
robot ambassador from Earth. Voyager 2 saw Uranus, its rings, and its
moons laid out before it like a target with a bull's-eye and concentric
rings. The spacecraft plunged perpendicularly through the Uranian
system like a dart thrown at a paper target. The time when Voyager 2
was closest to Uranus was also very nearly the time when Voyager 2 had
its closest view of each moon. The picture taking and scientific
measurements that could be spread over several days at Jupiter and Saturn
were compressed into a little over five hours at Uranus. While each image
was made, another important target was near its best viewing.

Ithad taken four and a half years for Voyager 2 to fly from Saturn to
Uranus. Working against formidable obstacles of distance, darkness, and
leﬂary orientation at Uranus; working against a crippled radio receiver,
asticky scan platform, and a degraded computer onboard the spacecraft,

Voyager 2's flight past
Uranus. Voyager 2
passed nearly perpen-
dicularly through the
Uranian system
because Uranus lies on
its side as it orbits the
5un and its moons or-
bit above its equator. At
the time of Voyager 2's
arrival, Uranus had its
south pole pointed
toward the spacecraft
and the Sun and thus
presented a bull’s-eye
target to its visitor.
Because of this
geometry, Voyager 2's
closest approaches to
Uranus, its rings, and
each of its moons (its
opportunities for best
pictures and measure-
ments) were squeezed
into a period of less
than six hours.

Solo
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scientists meticulously planned every aspect of the Uranus
so that Voyager 2 could take full advantage of the first pracf
tunity since the dawn of the space age to examine in de
of Uranus.

At Jupiter and Saturn, Voyager 2 had been the backup ¢
up on Voyager 1's discoveries and duplicating measuremen s f
ferent angle. Now, at Uranus, Voyager 2 was the only spa cecr:
ing where no spacecraft had ever gone before. With each p

LS

ment, Voyager 2 was expanding the absolute frontier
journeys.

On January 24, 1986, eight and a half years outbound f
NASA's Voyager 2 spacecraft passed 50,700 miles (81,600

above the cloud tops of Uranus. Uranus was 1.75 billion mi
kilometers| from Earth, and the data radioed from Voyager

three-quarters hours to reach home traveling at the speed ]
Astronomy had come a long way in the 205 years since Hers

caught sight of a tiny disk in his homemade telescope.

Triumph
at Uranus

ot do we learn about the Earth by studying the
ets? Humility!”
tary sclentist Andrew P. Ingersoll

e blue-green planet that Voyager 2 approached in January 1986 had
but not in brilliant earth-tone colors like those of Jupiter. It had
s, but not in bright, broad belts made of thousands of ringlets like
?‘* of Saturn. It had moons, but none as large as Jupiter's Big Four
or Saturn’s Titan. Uranus was more subtle, yet every bit as puzzling. Its
tmosphere seemed bland, its rings were narrow and dark, its largest
moons were quite modest in size. It would take a connoisseur to ap-

te this planet—and a great many imaginative and clear-thinking
sts to understand it.

nospheres of Jupiter, Saturn, Uranus, and Neptune are basically
ame. It is their temperatures that make them look so very different.
 atmospheres are composed overwhelmingly of hydrogen and
um, with only traces of other chemicals. All have clouds made of
e of those trace elements. All have an obscuring haze layer formed
nlight breaks up methane molecules (CH,), allowing the carbon to
mbine into more complicated and less transparent hydrogen-carbon
nds, such as acetylene (C,H,) and ethane (C,Hj).

of these gas giant planets has a well-mixed atmosphere rich in
als. On Earth, most of those chemicals are dissolved in the oceans

CHAPTER 9

Atmospherics
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or have been compounded to form rocks and hence have been
from the air. But on Jupiter, Saturn, Uranus, and Neptune,
chemicals are gases in the atmosphere and will condense to for
if the temperature is right. On Earth, only water condenses a
white clouds. On Jupiter, temperatures at various levels are ¢
to form ice clouds of water (white); ammonia (white); and
of ammonia (white), phosphorus (reddish brown), sulfur (
yellow, blue, and black), and various more complex organic co
(usually reddish). At Jupiter, heat from the Sun and from d
the planet creates updrafts in the atmosphere. These rising
cool, and then sink back to lower, warmer levels. As each gas
mosphere reaches its special temperature of condensation, it |
of the air to form clouds of ice particles—different colors for.
chemicals.

Each of the gas giant planets produces clouds according
it receives from the Sun and its own internal sources of heat, T
a planet is, the less vertical atmospheric motion it has and the
patterns and features.

But another factor is at work on the gas giants that determi
cloud features are visible when the planet is viewed from a
That factor is the hydrocarbon smog. This obscuring haze is p;
all four gas giants at a level where the atmospheric pressure
hundredth to one-tenth the pressure at sea level on Earth.
parative warmth on Jupiter, the clouds billow up above the sm
a planet that looks like an abstract painting in riotous colors, A

Using false color,
clouds were detected in
the Uranian atmo-
sphere; one is visible
here near the one
oclock position close to
the planet’s edge (near
Uranus’ equator), The
small doughnut-shaped
features are not real;
they were caused by
dust in Voyager 2's
camera.

NASA/Jet Propulsion
Laboratory
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colorfully. Saturn's lower temperature creates less cloud acti-

. less(vi much of it is buried out of sight beneath the smog.
iy anthe decades that preceded the visit of Voyager 2 to Uranus, several
Over.based astronomers had claimed to see clouds in its atmosphere,
their contemporaries had been unable to confirm these findings.
er 2 did indeed find clouds drifting in the Uranian atmo_sphere.
these clouds were visible only through special filters a'nd with con-
$ enhanced by computers. They are invisible at ordinary optical
engths because, with so little solar or internal heat at Uranus, the
clouds lie deep in the atmosphere below the thin high haze of hydro-
carbon smog that veils the planet. Below the haze is a cloud deck tw'o
o three miles thick of tiny methane ice crystals floating in the planet's

pmdmﬁnantly hydrogen atmosphere.

Uranus lies on its side as it revolves around the Sun. How would this
orientation affect the weather Voyager 2 would find on the planet?

The tilt of Uranus means that during the course of a year on the
p]m:et——equal to 84 Earth years—the Sun stands directly or almost directly
above every point on Uranus.? Thus, for several years out of each
84-year orbital cycle, the north and south poles on Uranus are treated
to sunlight beaming down from near the top of the sky—a circumstance
unique to Uranus and Pluto among planets in the solar system.

The orbit of Uranus causes the position of the Sun to appear to slowly
swing from pole to pole during the course of a Uranian year. As the Sun

~ The seasons of Uranus. Uranus lies on its side as it orbits the Sun. This
~ axial tilt means that the Sun can stand almost directly above the

-_]llanet‘s north and south poles. For 42 years, the south pole receives
ontinuous sunlight. Then, for the next 42 years at the south pole, the
Sun is never visible.

The Weather on
Uranus

Uranus during
Voyager 2 flyby
(1986)
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The Magnetic
Field of Uranus
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is hovering nearly over each pole, the seasonal cycle g

north/south apparent motion in the sky is in the process of s,
ping, and reversing itself. At midcycle, when the Sun is over
the seasons are changing fastest. Therefore, the polar region
actually receive slightly more solar warmth than the equator,
because the Sun provides precious little heat at Uranus, b
expected that the sunlit pole would be a few degrees wa m
equator. '

It wasn't. Voyager 2 found that the temperatures around
poles and equator, day and night, were within 3° Fahre
identical—about 366° below zero Fahrenheit (-221°C; 52°K).’
is so weak that what little heat is received is quickly spread rat
ly around the planet by its winds.

But how would winds, if any, flow on a planet where the
the south pole is currently receiving the most direct sunlight
the Sun's radiation falls most vertically and hence most i
the equator, where it heats the surface air and causes it to
air farther from the equator flows in to form the principal w
tion. The west-to-east rotation of the Earth then causes those
to curve so that the prevailing winds blow west to east.

But with maximum heating on Uranus at the south pole,
prevailing winds on that planet be north to south? No,
the winds blow east to west because of the rapid east-to-w
of Uranus.?

Meterologists were startled. The angle of sunlight is less imp
planetary rotation in generating the motion of weather syst
stream winds in the upper atmosphere of Uranus flow at 2 0
hour (300 kilometers per hour), about twice the speed of th

etic field of Uranus was greater than the Earth's. It was al.so ab-
Ly tilted. The magnetic poles of Earth correspond roughly with the

of rotation. They are offset from one another by only about 11.7
pgles The same is true for Jupiter and Saturn. But not for Uranus.

e etic axis of Uranus is tipped 60 degrees to the poles of rota-
mmaf:;,mg that the north and south magnetic poles lie closer to the
fion I:r than to the geographic poles. I
that wasn't all that was strange. The magnetic axis of th_e Earth
: very nearly through the exact center of our planet. (It misses by
Tocs than 300 miles [500 kilometers]). So it is at Jupiter and Saturn as well.
hﬁ ot at Uranus. There the magnetic axis lies 4,800 miles (7,700
z‘thmetgrﬂ off center, passing through Uranus about one-third of the

v between the planet's center and its surface.* .
wgeophysicists interpret these oddities to mean that the magnetic fijeld
of Uranus is generated not at or close to the planet's center but outside
of the core.’ The Earth’s magnetic field is thought to come from molten
iron and nickel. The magnetic field of Uranus is thought to come from
its mantle where water and ammonia may be under sufficient pressure
to make them good electrical conductors. : ‘

At first scientists thought that the 60-degree tilt of the magnetlc_ field
might be just an accident in time. Had Voyager 2 reached Uranus in the
‘midst of a magnetic field reversal in which the poles switch magnetic po-
larity, something that happens on Earth about every half-million years?

Voyager 2 used the planet's magnetic field to determine the length.of
‘aday on Uranus. As the magnetic field swept over the spaceeraft,. in-
creasing in intensity whenever a magnetic pole rotated by Voyager, scien-
tists could observe that the magnetic field of Uranus spins around once
every 17.24 hours. For practical purposes, this cycle is the rotation period
of the planet. Uranus has no solid surface and hence no landmarks that
repeatedly rotate by to reveal the length of a day.

Spectroscopic measurements of the spin of Uranus from Earth could
only approximate the rotational period. To calculate the rotation of Ura-
‘nusbased on cloud motions in the atmosphere was problematical because,
‘ason Earth, wind speed varies with location and time. At present, the
fastest winds on Uranus are near the south pole, where the solar heating
ofthe atmosphere is most intense. A year before Voyager 2's encounter,
the rotational period of Uranus was variously listed between 10 and 24
hours, with newer estimates suggesting 15 to 17 hours. With its measure-
‘ment of 17.24 hours, Voyager 2 refined that figure considerably.

Uranus and Neptune rotate faster than Earth and the other rocky
midget planets but not as rapidly as the larger giants, Jupiter and Saturn.

equat
But

Perhaps the greatest surprise afforded by the planet itself was
field. A magnetic field was expected because Uranus is veryn
times more massive than Earth, The mass of Uranus is great
its gravity can create a hot interior. This heat makes ato
trons so that they are electrically charged. The rotation of the
spins this electrically charged fluid interior to generate a m
around the planet. The magnetic field changes the courses
charged particles from the Sun and ionized particles in
atmosphere. )
But from Earth it had not been possible to detect a magn
Uranus. Voyager 2 did the honors—and raised some e
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Dayglow

The Energy of
Uranus

The spacecraft found all sorts of atmospheric glows at Ura
expected based on what the Voyagers had detected at Jupiter

Uranus had an aurora, similar to the northern and southery
Earth. Subatomic particles from the Sun were diverted by the
field of Uranus toward the planet's magnetic poles, where th
into the atmosphere, causing hydrogen molecules, the pri
stituent, to glow.

Uranus also exhibited air glow on its daytime face, as ult;
from the Sun caused some atmospheric atoms and mole
very faintly. 1

But most interesting was a previously unrecognized atmosphe
sion initially given the name electroglow and now renamed
emphasize that it happens only when the atmosphere is direc
to sunlight. Dayglow had been detected by the Voyagers at
Saturn but initially misidentified as aurora. Voyager 2 rev
mistakably at Uranus.” The exact cause of dayglow is still
ed, but the fluorescence seen comes from hydrogen atoms in
upper atmosphere only on the sunward side of the pla
ultraviolet light released by dayglow from the sunlit atmosphe;
corresponds to a few trillion watts of power. One trillion wat
to power 20 million homes at peak demand—all the homes
York and Los Angeles metropolitan areas.?

Uranus was expected to be slightly warmer than heating
Sun would allow. Jupiter and Saturn are radiating into space a
as much energy as they receive from the Sun.® They emit !
not as visible light but in the form of heat and radio waves
of Jupiter, the source of this radiation is energy released by
ing decay of radioactive elements within the planet and
as gravity continues to compress its interior. In the case
internal heat is mostly caused by radioactive decay and gra
pression, but about a third of Saturn's excess radiation co
separating mix of hydrogen and helium within the planet. 1
helium is falling toward the planet's core, creating heat
it rubs against the hydrogen fluid.*

Although it is not the size of Jupiter and Saturn, Uranus is
so gravitational and radioactive heating could be anticipate
2 did indeed find Uranus slightly warmer than sunlight alon
vide, but not much. Uranus emits only about 15 percent
than it receives from the Sun, energy radiated in the infra
wavelengths.

Triumph at Uranus

119

ements by Voyager 2 greatly clarified our perspective on the struc-

of Uranus. The planet is about 85 percent hydrogen and 12 percent

mass—close to the same proportions as the Sun, Jupiter, and

_The bodies of the solar system are truly a family, spawned from

¢ same cloud of gas and dust and differing from one another because
of their distances from the Sun.

Hydrogen dominates the atmosphere of Uranus, but the visible "sur-

' of the planet is a haze layer of acetylene (C,H,) and ethane (C,H,)

jormed by sunlight striking methane in the Uranian atmosphere. It is

the small amount of methane (2 percent to 3 percent) mixed in with the

gen, helium, and other elements and compounds that gives Uranus

ifs blue-green color by absorbing and not reflecting the red portion of

JUPITER

Iron core

Rock-ice core

Molecular liquid

URANUS
{Old Model)

URANUS
(New Model)

almosphere

Liquid ocean

The Structure
of Uranus

The internal structure
of Uranus compared to
that of Earth and
Jupiter. Voyager 2 in-
dicated that a two-layer
model for the interior
of Uranus is correct
rather than the earlier
three-layer model. (The
internal structure of
each planet is drawn to
scale, but not its size
compared to the others.
Uranus is about 4 times
the diameter of Earth;
Jupiter is more than
11.)
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The Problem
of Tilt

the sunlight it receives. The upper atmosphere of Uranus,
feebly by sunlight and the weak internal heat of the planet,
cold—about 350° below zero Fahrenheit (-212° Celsius).
Before Voyager 2's visit to Uranus, the interior of the planet
to be at least basically similar to the interiors of Jupiter ang
hot, rocky core about the size of Earth surrounded by a de
hydrogen under so much pressure that it behaved like a m
of this dense fluid, where the pressure was less, lay the
mosphere, mostly hydrogen and helium.
Initial analysis of Voyager 2 data suggested that this three
ture applied to Uranus as well, except that the behavior ¢
surrounding the core was dominated by liquid water mixed
hydrogen and under so much pressure that it was ionized.
its electrical charge, this water became a good conductor o
As this giant interior ocean of electrically charged water rof
the scientists, Uranus generated its magnetic field.
But late in 1987 that conclusion was dramatically re
The problem is that for a planet that rotates as rapidly as it
has relatively little bulge at its equator. Given its speed o
Uranus had a light atmosphere overlying a dense liquid ma
should bulge more as it turns. But it doesn't. Therefore, s
conclusion, Uranus probably does not have a light atmos;
of a liquid mantle. Instead the gases of the atmosphe
helium, water, ammonia, and methane—are all mixed
superdense atmosphere—a gas, not a liquid—that extends fro
the rocky core all the way to the visible surface of Uranus,
and temperature allow different molecules to condense as
Neptune is similar in size and mass, its interior structure is
be the same.

In a solar system where all the planets out to Uranus stand
on their polar axes as they revolve around the Sun, why d
lie on its side? Voyager 2 found no evidence to resolve th

The still-prevailing view is that Uranus and all the planets s
from a vast cloud of gas and dust by accretion: They were
absorbed, many cometlike planetesimals of differing sizes. '
near the poles, tending to tilt the planets. In some planets
nearly balanced out, leaving the planets upright as they for
were left with moderate tilts. The succession of collisions
and Pluto spinning on their sides.
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the arrival of Voyager 2, Uranus was known to harbor five moons.
_bound telescopes had not been able to resolve the moons' disks,
eir diameters could only be approximated. They were substantial
but far smaller than the four largest satellites of Jupiter, which
{rorn just slightly smaller than our Moon to just slightly larger than
et Mercury. None was the size of Titan, the largest moon of Saturn,

mﬂ the largest moon of Neptune.
Wﬁgﬂz provided the first pictures ever made that showed features
these five previously recognized but little-known moons of Uranus.
raft also discovered ten new satellites of Uranus and two more

to add to the nine already known.
Ura_nus is about a thousand times more massive than all its satellites
mdws ring system put together—very roughly the same ratio as its fellow
s giant planets. But of the four giant planets in our solar system, Uranus
{sthe only one without a giant moon. Even the Moon of Earth, which
%2&150 miles (3,476 kilometers} in diameter and ranks sixth in size among
3 satellites, is more than twice the diameter of the largest Ura-

m moon. If our Moon were hollow, it would be possible to fit into it
all 15 known moons and all the particles in the 11 known rings of Uranus

and still have with room left over.

Small they were—but not without many surprises.

The two biggest moons are the two outermost: Oberon and Titania.
Almost the same in size, they are otherwise very different. Next, mov-
mgmwa.rd are Umbriel and Ariel, almost identical in size and about
three-quarters the diameter of Oberon and Titania. But again, size is about

ll they have in common. The innermost of the major moons is Miranda,

“smallest of the five—and the weirdest.
The first of the Uranian moons to be discovered had been Oberon and

Titania, found on January 11, 1787, by William Herschel, about six years

after he had discovered Uranus. This time he was using his 18.8-inch
20foot focal-length) reflector. Umbriel and Ariel were discovered in 1851
by William Lassell, an English amateur astronomer in the tradition of
‘Herschel.

The names for the moons of Uranus were provided about 1852 by John
Hemchel William's son, who borrowed them from English literature
sather than Greek and Roman mythology. A German astronomer pro-
tested this violation of tradition. The names Oberon and Titania were

"&ken from Shakespeare's A Midsummer Night's Dream. Umbriel and

were given names snipped from Alexander Pope's The Rape of the
»fmk." For Miranda, not discovered until 1948 by Gerard P. Kuiper, the
- source of the name was once again Shakespeare, this time The Tempest.

Like most satellites elsewhere in the solar system, the moons of Uranus

The Moons
of Uranus
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Uranus, its rings and
moons

Area of rings
and new moons

— Umbriel
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expected to have nearly circular orbits, to revolve around their

$e ¢'s equator, and to rotate on their axes in the same amount of time

la:;‘;y revolved so that they always kept the same face toward Uranus

a8 our Moon always keeps the san}e face toward Earth). Despite the tilt

of Uranus and its retrograde rotation, all 15 of its moons comply with
these mnventions‘.”

The moons of Uranus were also supposed to be dull. After all, they

re small and cold—a good formula for dead worlds. Here were no
wf,ons like Saturn's Titan, so large that its gravity could retain an atmo-
4 ere. No moons like Jupiter’s Io, which was still being pulled periodi-
ike a piece of taffy between Jupiter and the moons Europa and
Ganymede SO that Io's insides are molten and it belches lava to the sur-
face and into space with a frequency and ferocity unmatched by any
other body in the solar system.

Based on all the bodies circling the Sun and especially the other satellites
in the solar system, the moons of Uranus were expected to be simple
jitile worlds of rock and ice that had formed along with or soon after
Uranus, in time to be pounded by icy and rocky debris left over from
the accretion of the planets and the moons. This bombardment should
have saturated their surfaces with large and small craters—craters overlap-
ping craters. For moons as small as those of Uranus, it was expected that
little had happened since their formation except the impact of an occa-
sional comet onto a surface covered with craters of all sizes.

Larger moons in the solar system were expected to evolve further
because of the quantity of radioactive elements they contained. The
radioactive decay would have released enormous heat inside the body.
As the size of a sphere increases, the surface area and the volume also
increase, but the surface area—which sheds heat—increases only by the
square of the radius, whereas the volume—which determines how much
radioactive material there is—increases by the cube of the radius. Thus,
iftwo objects are formed from the same material, the larger one should
have a higher internal temperature because it cannot shed its heat as
well. The result is that a planet or large moon might be expected to have
melted soon after it formed, with its heavier components sinking toward
the core and its lighter materials rising toward the surface. This process
s called differentiation. External signs of differentiation can often be
found in volcanic activity, which has covered part of the surface of the
dbject with relatively smooth material that is obviously younger because
ithas flooded and erased many of the craters. Differentiation, however,
should not have occurred in smaller bodies because the internal heat
Would not have been great enough.

Radioactive heating steadily subsides over millions of years as the
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Oberon

radioactive elements inside a body decay into nonradioactive opg
amoon is of extraordinary size so that its gravity can hold an aty
to cause erosion or unless the moon is positioned so that it ex
extensive tidal strain from its planet and fellow moons, the ey,
that satellite is almost at an end. The only changes come from
comet impacts'* and from high-speed particles and ultravi

wind and radiation create chemical changes in some surfag
and generally tend to darken their color.

With modest sizes, between 300 and 1,000 miles (500
kilometers), and in the eternal cold nearly 2 billion miles
the moons of Uranus should have been—and were exp
cratered heaps that had "died" as soon as they had forme
a pocked faceful of scars to show for their passive existenc

But the moons of Uranus forgot to read that script and act

Oberon, the outermost moon, came close to fitting expel
as anticipated, were craters of all sizes, some over 60 miles.
meters) in diameter, in suitable proportions to indicate that Q
withstood the initial cratering by large and small objects as
system formed about 4.6 billion years ago and had endured the
cratering by smaller objects as the moons completed their
around the planet.

At the horizon on Oberon was a mountain, probably the ci
of an impact crater perhaps 200 miles (300 kilometers) acr

Oberon, the outermost
moon of Uranus, seen
in high resolution by
Voyager 2.

NASA/Jet Propulsion
Laboratory
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altitude of at least 12 miles (20 kilometers|—a monstrous protru-
y A ore than twice the height of Mount Everest on a world one-eighth
sion mrth’s diameter. The fact that large craters were still visible every-
the B on the surface indicated that nothing very much had happened
Whg;er on for the past 4 billion years.
unsut Oberon bore a warning that Uranian moons would not conform

ectations. On the floors of a few craters was smooth dark material,
indicating that something had welled up from the interior, seeped onto
he surface, and solidified. Such a comparatively small moon should not
pave expen‘enced an interior melt.

QOstensibly, Titania was the twin of Oberon, almost identical in size, den-
sity, color, and reflectivity. Titania was a little closer to Uranus and a
tiny bit bigger—1,000 miles {1,610 kilometers) in diameter to Oberon's
960 miles (1,550 kilometers). Neither was half the size of the Earth's Moon.
But amid a welter of small craters on Titania were only two or three traces
of large craters from the early days of the solar system. And yet Titania
must have suffered at least as many large impacts as Oberon. Something
had erased those large craters from the face of Titania. How had it hap-
pened to Titania but not Oberon?

And that was just the beginning of the contrast. The terrain of Titania
was crisscrossed by giant cracks, some 1,000 miles (1,600 kilometers)

Titania, the largest
moon of Uranus, seen
in high resolution by
Voyager 2. The giant
cracks, as much as 3
miles deep and 1,000
miles long, expose
light-colored material.
NASA/Jet Propulsion
Laboratory

Titania
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long, 30 miles (50 kilometers) across, and as much as 3 miles
deep. (For comparison, the Grand Canyon on Earth is one
These cracks exposed lighter-colored material.

From the way features overlaid features, geologists could pj
the evolution of Titania. Debris left over as the planets and m,
pummeled Oberon and Titania, but Titania was a bleeder, §
forth, flooding some features. The crust softened and o
sagged. The heat that caused this partial melting subsided
froze from the outside in. In great abundance among the ch
rose toward the surface was water. Water is a most pec
As it freezes, it expands rather than contracts. The free:
panded and stretched the crust until it ruptured in a netw
forming steep scarps and deep grabens. Throughout this pe
fracturing, additional fluids probably poured forth, coverin
rain and then freezing smooth and hard. But what was the
heat that caused the interior of Titania and perhaps, at
degree, Oberon to melt?

Voyager 2 provided clues by revealing the densities of
tures from the space probe, taken at known distances, allowed:
sions of the major moons to be refined to greater accurae
Voyager 2 by its radio transmissions also allowed celestial
to measure how much the spacecraft had been deflected by
of Oberon and Titania, so that the masses of these two
could be calculated.

With a knowledge of the mass and volume, scientists co
the satellites' densities—between 1.4 and 1.7 times as great as
densities are far below those of rocky worlds such as the Earth
But they are higher than those of the comparably sized i¢
Saturn, so Oberon and Titania must have proportionally m
them. They are perhaps about half rock and half ice. Altho gh
and hence the densities of the other Uranian moons co
measured so accurately, it is likely that they have much the
position. The greater the abundance of rock, the more
elements would have been incorporated into each moon
and thus the greater the likelihood that these moons experier
tial internal heating due to radioactivity.

The present surface temperatures of the satellites of Uran
mately —315°F (80°K). The satellites of Uranus are actually w
the cloud tops of their planet because they have darker surfz
absorb more energy from the Sun. To raise water to its
would require a vast amount of energy. Under ordinary co:
Earth, water melts at 32°F (0°C; 273°K)—almost 350°F

peice Y
'.&Mte and am
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ture of the Uranian satellites. Even tidal strain together with
! tive decay cannot account for that much of a temperature dif-

radiod in such small bodies that rapidly lose so much heat to space. But

i€ it was not standard water ice that melted. Perhaps it was methane
: . water ice with occasional molecules of methane trapped in
e;staj lattice. Such a compound melts at a significantly lower
s do other similar compounds such as carbon monoxide
monia hydrate.’®

e t

X ture, &

n is rather evenly cratered, without much vari_ety to its terrain.

« o has craters but also vast systems of cracks and ice floes—a world

%sive tectonic activity in its early years. One might .have efrpected

_briel, still closer to Uranus, to continue this progression of increas-

ing geological activity. But the characters of Sh_akespeare and Pope are

nricious, and their satellite namesakes are no different. They defy order-
ations.

Instead of showing global geologic activity, Umbriel tur.ned. out to be

almost totally bland. It is the darkest of the major moons, with little varia-

: tionin its color. It displays no craters with bright rays like those on Oberon

and Titania, presumably formed by the relatively recent impact 9f covme‘ts
that melted subsurface water ice and splashed the momentarily hq}nd
water across the surface. There still is no generally favorer'i explanation
for why Umbriel is so uniformly dark and has so littl.e fawdence of tec-
fonic activity while the moons on either side of it exhibit great geologic

diversity.

Umbriel, darkest of the
Uranian moons, shows
craters but little
geologic activity—
except for two bright
features near the top of
this high-resolution
Voyager 2 image. Light-
colored material is vis-
ible at the bottom of a
crater 50 miles in
diameter and on the
slope of the central
peak in a nearby crater.
NASA/Jet Propulsion
Laboratory

Umbriel
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Ariel

Yet Umbriel is not completely without contrast. There g
features visible. One is on the slope of the central peak of
other is a ring 50 miles {80 kilometers) in diameter that co
of a different crater. From a distance this circular bright
briel the face of an organ grinder's monkey with its little
This brighter material must have come from below the s

Since little has disturbed the primordial craters of Umb
the dark surface is original as well. With a diameter of on
(1,190 kilometers), Umbriel is smaller than Oberon and
therefore should not have experienced internal melting
tion except under very unusual circumstances. Perhaps,
face we see is the original crust: very dark carbon-rich rock
evenly with lighter-colored ice.

Alternatively, it may be that the deep gray surface of U
a fairly recent coating from an unknown source that blanket;
and Umbriel only. Titania and Ariel, the moons on either si
have no such dark cover.

Whether the darkness of Umbriel's surface is primordi
cent, the bright ring on the crater floor may be evidence th;
recent large impact could temporarily melt enough subsurfa
a significant outpouring of lighter-colored materials to th

Ariel has fault valleys up
to 20 miles deep that
extend most of the way
around the moon, as
revealed by Voyager 2.
MASA/Jet Fropulsion
Laboratory

warmer than the surface of Ariel. This viscous material probably flowed
Jike a glacier too. In places, it rode up over a crater wall and stopped,
fommg steep scarps more than half a mile high.

* Ason Titania, but to a much greater extent, upwelling water (probably
inclathrate form| froze and expanded, shattering the crust into systems
of spectacular deep, narrow valleys. The landscape of Ariel has the look
of devastation.

Where did the heat for this volcanism come from? No one knows for
certain. Some of the heat came from the decay of radioactive elements;
perhaps part from the gravitational compression of the moon as it formed;
maybe some from the impact of debris upon its surface; and some,
perhaps most, from tidal strain exerted by its neighboring moon Um-
briel if the two were temporarily locked in resonant orbits in the past.
* Whatever its cause, the source of this volcanic resurfacing faded away
at least 3 billion years ago, leaving the gardening of the terrain to the
impact of wayward comets.

Ariel is Umbriel's twin in size but in no other way. Umbriel.
of the major Uranian moons, reflecting only 19 percent of
hits it. Ariel is the lightest of the moons in color, with an
percent. Umbriel retains one of the most heavily cra
oldest—surfaces in the Uranian system. Ariel's surface is or
cratered—hence youngest.
So despite its size and position among the satellites of
more nearly resembles Titania than Umbriel. Yet the viol
Ariel's surface is far beyond what Titania experienced.
Virtually all evidence of large craters and much of the
smaller craters has been obliterated on Ariel. Its surface
molded more intensively, over a broader area, and througha
than Titania's. ]
Titania shows extensive fault systems. Ariel displays a
of faults with rift valleys in some places 10 to 20 miles (15 to.
deep. Some areas on Titania have been smoothed by volc:
Ariel most of the terrain has been resurfaced by a volcanic
the “lava’ is not molten rock like volcanoes on Earth pro
it is probably a glacierlike mixture of ice and rock onl

As surprising as Titania was in contrast to Oberon and as Ariel was in
contrast to Umbriel, Miranda was as astonishing a single object as Voyager
‘had seen in all its travels. A "brave new world,” in the words of
Shakespeare's Miranda. Here, helter-skelter, side by side, was almost
‘every kind of exotic terrain in the solar system: sinuous valleys, reminis-
centof those on Mars, carved by flowing water; grooves in the landscape
like the faults on Jupiter's moon Ganymede; cratered highlands similar
1o the ancient terrain on Earth's Moon; and much more.

Miranda
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Miranda, innermost of
the large moons of
Uranus. The bright V-
shaped feature (the
“chevron”) lies close to
Miranda’s south pole.
The south polar regions
of Uranus and its
satellites were pointed
sunward when Voyager
2 flew past. The
chevron lies within one
of the three peculiar
ovoids that Voyager 2
discovered on Miranda.

To the left js
and grooved
much larger g
third ovoid e

Voyager 2 flew by Miranda at a distance of 17,500 miles
kilometers), the closest the spacecraft had been to any of the
it had encountered in its eight-and-a-half-year sojourn. Beca
close encounter, the Voyager 2 mission team could take pictures
da that showed detail down to 2,000 feet (less than one ki
across—about the size of a large football stadium. Finer detail
seen on Miranda than at any of the Voyagers’ other exploratory s
Miranda rewarded the attention amply.

There on Miranda, covering most of the visible surface, was
expected mix of large and small craters—indicative of the be
little moon took after it formed. That much was as it should
for a small moon. And that was about all there should have

But also there, absurdly superimposed on the rolling cratere
were three enormous ovoid regions, extending 125 to 200 m
300 kilometers) across Miranda—half or more of its diame
these ovoids was light and dark material arranged in ridges, grc
scarps, intersecting one another chaotically. There were fe
within the ovoids, so the ovoids were apparently a slightly mo:
and more localized phenomenon than the earliest cratering. At
two of the ovoids looked like a giant farmer had gone berser!
his fields. The third and smallest ovoid, located near the moo!
pole, exhibited a single bright V-shaped feature [dubbed the *
as if the crazed farmer had laid out an immense boo
defense.’®

Yet the weirdness of Miranda did not end there. The o
rolling cratered plains were themselves cut by huge systems
that circled the entire moon, creating fault valleys with steep
walls. One could stand at the edge of one of these cliffs and g;
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Miranda is a medley of
all the weird terrain in
the solar system. Frac-
tures up to 12 miles
deep cut through the
ovoids and encircle the
moon.

NASA/Jet Fropulsion
Laboratory

intoa canyon 6 to 12 miles (10 to 20 kilometers| deep—roughly ten times
the depth of the Grand Canyon on Earth and up to three times the depth
of the Mariner Valley chasm on Mars. If an astronaut in the weak gra-
vity of Miranda jumped off a 12-mile-high cliff, he would fall for ten
minutes before he hit the valley floor. It would not be a happy landing.
Atfirst he would fall slowly, but then gradually he would fall faster and

Valley walls on Miranda
catch the sunlight
while night blankets
the surrounding area,
revealing how high and
steep the cliffs are.
Miranda is only 300
miles in diameter but
has canyons more than
10 times deeper than
the Grand Canyon on
Earth.

NASA/Jet Fropulsion
Laboratory
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B

ce, but they may have been at some period in the not-too-distant

' so, the Miranda-Ariel connection may have given Miranda its

F"t E clnerrain, and the Ariel-Umbriel resonance could have given

bap its fractured look. Umbriel may in turn have experienced tidal strain

el by Ariel or perhaps Titania, but Umbriel's greater distance from

- us may have kept the strain within manageable limits, leaving _the

jite with an unstretched face. Thus, despite being the same size,

- bl and Ariel may have developed differently because they lie at
different distances from Uranus.

faster until he reached the bottom of the chasm at a speed
per hour (200 kilometers per hour)."”

And just to round out this smorgasbord of a surface, Miranda
some evidence of floes from eruptions long ago, although n
sively as Ariel.

“Isn’t it wonderful?" said one scientist admiring Miranda. S
"It looks like a satellite designed by a committee.'1s

About all the geologists could agree upon was that Mir
of the strangest worlds yet seen’ Its face was more what might
expected from a planet or moon ten times its size. With a
only 300 miles (484 kilometers), Miranda should scarcely
enough gravity to pull its mass into a spherical shape. Yet
not been passive after its formation. Here, in the ovoids, the
and the floes, was evidence that it had once had considerab|
heat, enough to let its interior at least partially differentiate.

One explanation for the erratic surface of Miranda was that
was initially formed with a not completely uniform mixture of
ice throughout. Then internal heat allowed the start of diff
The heavier materials began to sink toward the center and
materials began to float toward the surface, but three to four b
ago the internal heat was fading and the moon was freezing.
and brighter ice buoyed up to the surface in only a few plag
the ovoids. It was a case of arrested development. Had di
continued, the bright ovoid material would have covered the w
and smoothed all the terrain.

Itis most strange indeed that geologic activity ever began on
or Ariel, considering their small size. Ariel is only one-third th
of Earth's Moon, Miranda only one-seventh. They are too small
to have had enough radioactive elements to allow for even p: ;
nal melting if their composition resembles the other bodies i o) 1986U3
system. Yet the evidence of internal heat is undeniable. :

Where did it come from? The most likely explanation is th:
the heating was provided by tidal strain induced by Ariel in
orbit with Miranda long ago. If Miranda caught up with and p
at the same point in its orbit at regular intervals for an exten
of time, the pull on Miranda from Uranus in one direction and from =
in the opposite direction would have the effect of flexing the tida
of Miranda, creating significant frictional heat inside the b

heating is the best explanation for the volcanoes on Jupiter's Io,
in the ice of Jupiter's Europa, and the floes that truncate
Saturn's Enceladus.

In the present age Miranda, Ariel, and Umbriel are not

2 not only unveiled the five known moons of Uranus; it also
. red ten new ones, tripling the number of documented satellites
for Uranus. Yet astronomers had hoped to detect at least 18 new moons.
The reason for such high expectations was the need to explain the nine
DAITOW, sharp-edged rings of Uranus. It was reasonably easy to e:_cplam
{he appearance of Saturn's broad, flat disk of rings. Each partic}e in the
,jﬁgs is a separate satellite with an orbit all its own. The particles, by
he billions, must occasionally collide, thereby altering their orbits. ’Ijhey
also knock chips off one another and scatter those fragments onto unique
 orbits of their own. In this way, a ring of chunks steadily pulverizes itself
and widens into a band of debris.
In examining the rings of Saturn over the centuries, astronomers on

19864

Voyager 2 discovered
ten new small moons at
Uranus. Three of them
are circled here, lying
outside the outermost
ring of Uranus.
NASA/Jet Fropulsion
Laboratory

1986U1

Ten New Moons
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The complete ring
system of Uranus. Nine
thin, dark rings had
been discovered from
Earth. Voyager 2 found
two more.

NASA/Jet Propulsion
Laboratory
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: and kept in position by at least one and probably two moons act-
as shepherds. Picture Epsilon, the brightest and outermost ring of
Left alone, collisions would be constantly slowing some particles

Earth also noticed a series of apparent gaps of a few thou
a few hundred miles where there were no ring particles or at
ly few. But this too was explainable if one relied on the moons of

Each moon has its orbit. Each ring particle is a tiny moonlet wij "-"-."th:&rings so that they would fall to lower orbits. Other particles,
too. Imagine a ring particle named Sam with an orbital period in

er, would be gaining speed by collision and would rise to higher
e Inevitable and continuous collisions among the particles in the
ndilon Ring or any ring would cause it to spread out—and rather quickly

Saturn's moon Mimas, in a higher orbit, has a period of 22.5
times that of Sam. So every time Sam goes one and a half tim
Saturn, he catches up with and passes Mimas. Each time he
Sam experiences a gravitational pull outward, away from
pulled into a slightly higher orbit. These tugs always occur at th
two points on opposite sides of Sam's orbit. The effect of the:
metrical tugs by the gravity of Mimas tends to raise Sam's ¢

Thus Saturn’s major inner moons, through their orbital
particles in Saturn’s rings, tend to clear out or reduce the n
ticles at certain distances in the ring system.

Ring theory was in good shape until the rings of Uranus
Astronomers could understand broad, flat ring systems
understand narrow gaps between rings. But here, revealed
star occultation by Uranus, were extremely narrow rings with b
Astronomers tried to explain what they detected by satellite
It didn't work. The moons of Uranus were too small, the
large, and the rings were too finely "sculpted.”

Theoreticians went to work. Peter Goldreich and Scott
duced an intriguing answer.'* The particles in each

w;ut now imagine a small moon orbiting Uranus just inside this ring
mda second small moon just outside. The closer an object is to the body
it orbits, the faster it travels. So the inner shepherd would be orbiting
faster than the ring particles. Every time it passes a ring particle, its gravity
es that particle a little tug—a little extra speed—and that boost causes
{he particle torise toa higher orbit. The inner shepherd uses its gravita-

ml energy to prevent scattered particles from falling inward from the

* The outer shepherd moon, however, is circling more slowly than the
m particles. Each time a ring particle passes that moon, the moon's
E“‘“t? tends to reduce its speed and it begins to fall to a lower orbit.
In this way, particles with excess speed that are rising out of the ring
are slowed and dropped back to the ring once more.

So the outer shepherd shears the outer edge of the ring and the inner
shepherd grooms the inner edge. In this way, a narrow ring can last an
extended period of time.

But the explanation is not yet complete. The conservation of angular
_momentum governs both the rings and the shepherd moons. Each time
the inner shepherd adds velocity to a ring particle, the moon loses a
inute amount of energy and falls to a minutely lower orbit. Each time
the outer shepherd retards the velocity of a ring particle, it gains that
ne amount of energy and rises to a minutely higher orbit. How then
the shepherd moons stay in place to continue their ring-preservation
ies? The answer appears to be resonance with the larger, outer moons.
This was the explanation that Goldreich and Tremaine offered for the
i rings of Uranus. Since the required shepherd moons would be too
all to detect from Earth, it would be up to Voyager 2 to attempt to find
moons when it arrived at Uranus in 1986.
the confirmation of shepherd moons did not wait that long. NASA's
eer 11, the first spacecraft to fly by Saturn, discovered in 1979 that
Saturn had a faint, narrow ring [now known as the F Ring). When Voyager
ived at Saturn in 1980, it found that the F Ring had a pair of shepherd

So when Voyager 2 reached Uranus in 1986, astronomers expected to
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Two shepherd moons
(marked), one on each
side of the Uranus’
largest and outermost
(Epsilon) ring, provide
the gravitational effects
that confine the par-
ticles and keep the ring
narrow. Theorists
predicted their ex-
istence; Voyager 2
found them for the Ep-
silon Ring but was not
able to see shepherds
for the other Uranian
moons. Perhaps they
are too small.

NASA/Jet Propulsion
Laboratory

see two shepherd moons for each of the nine known rings

A pair of shepherd moons—about 25 to 30 miles (40 to 50
in diameter—was discovered for the Epsilon Ring. Eight of
satellites were discovered, closer to Uranus than the major n
all beyond the rings. They were not shepherds, and their g
too small to significantly affect the rings by resonance.

Where were the expected shepherds? At Voyager 2's close
to the rings, its cameras could detect moons larger than abouf
(20 kilometers) in diameter, but the shepherds required by th
Uranus could be as small as about 10 miles (15 kilometers) in
There may well be small undiscovered objects lurking in orb
Uranus, especially pairs of shepherd moons dogging each
cept for the shepherds of the Epsilon Ring, careful analysis o
2's full ring-survey images has not revealed them.

So Uranus, with 15 known moons, may yet have twice
of satellites. But we probably won't know for certain until th
to Voyager reaches that world of many worlds with impro
equipment. Unfortunately the United States has no such
preparation. There may be no more close-up spacecraft exp
Uranus or Neptune in our lifetimes.

The first of the ten new moons of Uranus that Voyager 2
was detected on December 31, 1985, while Voyager 2 was still

54 we
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eks from Uranus. Pending official confirmation, the moon was
stically labeled 1985U1. But the mission team dubbed it Puck,
; Shakespeare's A Midsummer Night's Dream once more.
use of Puck’s early detection, its substantial size, and its position
.r to Uranus than the five major moons, the picture-taking schedule
: 2 was modifed to allow for one close-up image of Puck by
cing one picture to be taken of Miranda. .
close-up of Puck showed a dark, uneven surface about. 105 miles
kilometers) across—a little more than one-third the diameter of
.nda. Puck was almost spherical in shape and exhibited some muted
I craters. Perhaps the outlines of these comparat‘iv_ely large. craters
peen eroded over the eons by the impacts of millions of tiny par-
les whose craters were not visible from a distance of 320,000 miles

[CIC

o

ﬁs}&wo kilometers).

" As nearly as Voyager could tell, the nine other new moons that it

discovered were smaller versions of Puck. They had diameters ranging

about 50 miles (80 kilometers) down to 25 miles (40 kilometers).
Jay closer to the planet than the major moons and Puck, and all were
yery dark in color, with a reflectivity less than the Earth's Moon.

‘The ten new moons, all much darker than the major moons, are about
the same charcoal black color of the rings. The rings and these inner
moonlets may therefore have the same composition and the same origin.
' Some Voyager scientists speculate that the moonlets and ring particles
are covered with methane ice whose original light color has changed
chemically over the ages through exposure to high-energy protons trapped
in the magnetic field of Uranus. This energy breaks down methane into
carbon and hydrogen and polymerizes the carbon into long-chain
iydrocarbons, black in color, dubbed “star tar" by Carl Sagan, one of
the proponents of this theory.

Other Voyager scientists explain the dark color of the small satellites

‘and rings as carbon compounds present from the origin of the solar

system, rather than recently blackened. It is the same mixture of ice and
dark carbonaceous materials that formed Uranus, says planetary scien-
tist Robert Hamilton Brown. He calls this debate between interpreta-

tions "tar wars."

Regardless of its origin, the dark color of the moons and rings was one
of Voyager 2's most important findings at Uranus. Earlier in 1986, Soviet
and European space probes that flew by Halley's Comet discovered that
its nucleus was also extremely dark. This blackish hue suggests abun-
dant carbon or carbon compounds, vital for life. Thus, satellites in the
outer solar system and their cometary antecedents appear to be emphasiz-
ing that our solar system (and others?) formed with the right chemical
elements for life to begin wherever conditions would permit.
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Busted Moons
and Ring
Fodder

Eleven dingy rings. There isn't much to them. Prior to the Vo
nine rings of Uranus had been known since 1977 when th
their existence by taking turns momentarily blocking the ligh
All were thin in dimensions and material. The Epsilon Ring
most and most substantial of the eleven, varies in width frop
miles (22 to 93 kilometers). The other rings have widths of
7 miles (1 to 12 kilometers).® If Uranus were shrunk to the
ball, the rings would be the width of strands in a spider's
The rings of Uranus may be sparse and black as coal,
relatively free of dust. In fact, observations by Voyager at U
comparatively few particles smaller than beach balls or
trast, Jupiter's ring system is by mass about 50 percent d:
measuring about one-ten-thousandth of an inch (a few mi
about the dimensions of the tiny solid grains in smoke that mak
Saturn's rings have 10 times less dust than Jupiter's. And
Uranus have about 100 times less dust than those of Sa
Voyager 2 could measure the dustiness of the rings asitp
by looking back so that the sunlight struck one side of the
Voyager observed from the other. Under this circumstance,
ring chunks (a foot, a yard, a mile in size) are hard to see, but:
flecks of ice the size of dust are conspicuous because they te
ter light forward. The effect is like what a moviegoer seesin a
theater as the film is projected. Looking down the projecto
light toward the screen, one usually sees only reflected brigh
the screen. But from the front or sides of the theater, the light'
the projector toward the screen is obvious as it illuminates dust
So the dust in the rings of Uranus—what little there was—sh
when Voyager 2 put the rings of Uranus between itself and the
scarcity of dust in the Uranian rings was startling. It indica
rings of Uranus must be evolving continuously and rapidly.
in any ring system must be colliding, and thereby grinding
down. A ring system in equilibrium must contain a sizable
fine dust. Jupiter's small dusty ring may be the remnant of colli

liding and making dust. But something is removing dust
of Uranus almost as fast as it is formed.

Voyager 2 framed the problem. Voyager 2 found th
ultraviolet spectrometer showed that the hydrogen atmosphere
extends in a very tenuous form much farther from the pla

pected, all the way out through the rings. The cause of this bloated atmo-
sphere was assigned to the phenomenon that creates dayglow. In that
‘process, hydrogen atoms are slowly but steadily escaping from Uranus,
‘and as they do they provide sufficient density to exert a significant drag
on the dust particles in the rings. The dust particles are steadily slowed
and fall to ever-lower orbits until they disappear from the ring system
and vanish into the shroud of gases in the atmosphere of Uranus.

The entire Uranian ring system is rapidly eroding.

Far from Uranus, where Oberon lies, there is little evidence that
anything much has happened geologically since the intense meteoroid
‘bombardment of the solar system's early days. Closer to Uranus, Ariel
and Miranda are smaller worlds with extended geologic activity writ-
fen on their faces. Still closer to Uranus are the ten new moons, all tiny

by comparison and, to judge by the largest one, all thoroughly battered.
Still closer than the moons is the Epsilon Ring, the densest, widest, and

brightest of the rings, with two of the newly found ten moons serving
asshepherds. And still closer are the remaining ten rings, composed of

chunky debris.

Butwhy should the moons of Uranus show evidence of greater, longer,
and more disruptive geologic activity the closer to the planet they lie?
“Theinternal heat from the decay of radioactive elements and gravita-

Past Uranus, Voyager 2
looked back through
the rings toward the
Sun. The image re-
vealed dust particles,
although far fewer than
in the rings of Jupiter
and Saturn. Since ring
particles continue to
form dust by collisions,
the dust must be fall-
ing into the atmo-
sphere of Uranus. The
ring system of Uranus
is eroding rapidly.
NASA/Jet Propulsion
Laboratory
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tional compression necessary to melt the interior and remg|
face ought to be greatest in the largest moons. Yet Oberon :
are the two outermost and do not show the greatest g
Instead, the most profound geologic upheaval has occurred
Miranda, the two innermost and smallest of the five major mg
strain induced by Uranus and neighboring moons in reso .
well have been a principal cause. But another factor may have tothe
as well.

Miranda and Ariel were battered more severely by impa;
others, says the hypothesis, for the very reason that they
Uranus. The debris orbiting the Sun left over from planet a
diverted in its course by the enormous mass of Uranus so |
closer to the planet, creating a region around Uranus wher
of flying junk was higher and the chances of a moon gett
greater. Uranus gravitationally focused a hail of debris on i
satellites, especially the innermost ones.

Judging from the ancient face of Oberon and by invoking
of gravitational focusing by which Uranus hurled plane !
its huddled satellites, the Voyager 2 imaging team estimated {
pared to Oberon, Ariel would have received 5 times as n
craters and Miranda 14 times as many. Uranus was guilty of ch

But how does anyone know about the frequency of crat;
in the Uranian system? The process begins with an es
number of comets passing nearby.

Comets are essentially dirty snowballs, made mostly of
flecks of dust mixed in. The solid nucleus of a typical con
5to 10 miles (8 to 15 kilometers) in diameter. Based on the orb
observed from Earth, Dutch astronomer Jan H. Oort estab
that all known comets were members of our solar system, I
by the gravity of the Sun, and not itinerants from outer s
ing through our solar system. Therefore, said Oort, to ace
steady trickle of comets that pass close enough to the Sun
our planetary system must be surrounded by a sphere of c
ing beyond Neptune and Pluto and extending halfway to
star—out to a distance of about two light-years.?' In this r
the Oort Cloud, there must be, according to recent estima
of comets remaining today, even after 4.6 billion years of

The comets in the Oort Cloud lie at such distances that we
them from Earth. They travel in such remote orbits that we:
see any of them except that, every once in a very long wh
dragging its family of planets and satellites along, passes in
of another star. When that happens, depending on whichd

and comets are going, the gravity of the passing star accelerates
’ ons of comets and they escape from our solar system forever. But

ing star also decelerates millions of other comets, and they begin
fall that will carry them over a period of many centuries closer
the Sun on new orbits. Most of those falling millions never get as close
Sun as is Pluto or Neptune. But the few that do enter the planetary
_1m of the solar system and penetrate deeply to within Mars' or Jupiter's
from the Sun show us by their orbits that they are gravitational

of our Sun's family and have come our way from'the outer limits

Sun's gravitational control.
‘Based on the comets we detect and on statistical probability, for every
whose orbit starts outbound again at about the distance of Jupiter,
should be twice as many comets that venture no closer to the Sun
n Saturn and four times as many that approach no closer than Uranus.
~ Comets are small in size, so their paths are easily disturbed by the gra-
f the giant planets. These perturbations hurl some comets out of
lar system. Other comets will be slowed so that they cannot return
Oort Cloud. Instead they are trapped, at least temporarily, on ellip-
al orbits relatively close to the Sun. Before, they had orbital periods
of thousands or millions of years. They were long-period comets. Now
they are short-period comets, with periods of 200 years or less.
3 use the gravity of Uranus usually gets a crack at an inbound long-
comet before Saturn or Jupiter do, many more comets are expected
oshow orbital evidence of a gravitational encounter with Uranus than
h Saturn or Jupiter despite their far greater masses. Some comets have
[been diverted so that they never venture much farther from the Sun than
iter. They are said to be the Jupiter family of comets. So too there
families of comets with aphelia at about the distances of Saturn and
Uranus. But because far more comets reach inward only as far as Uranus
rather than Saturn or Jupiter and because Uranus gets the first chance
1o gravitationally disturb all that do, some astronomers estimate that
Uranus has a harem of short-term comets 100 times more numerous than
Saturn and 600 to 700 times more numerous than Jupiter.
 Uranus finds itself constantly in the midst of a snowball fight with
iceballs the size of Earth mountains or larger. There are probably a million
-period comets that frequently pass near Uranus.2 Over time,
anus and its satellites stand a good chance of getting hit. Uranus faces
ilarger army of assassins than Jupiter or Saturn, but it has a larger area
ofspace in which to hide and less gravity to draw trouble its way. Jupiter
and Saturn may face fewer prowling assassins, but they have smaller
orbits along which to scurry to escape a hit and more gravity to focus
%met attention toward them. The result is that the number of impacts
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in the Jovian, Saturnian, and Uranian systems evens out. A
on Uranus and its satellites may be expected to be blasted
the same frequency as a square mile on Jupiter, Saturn, and th
The frequency of comet cratering can be estimated well eno
specialists believe, so that when estimates of comet da
pared with the observed damage to the moons of the giant
clusions may be drawn. Oberon and Umbriel show too n
especially large ones, to have been cratered only by come
survivors of at least most of the earliest formative events
The ten newly found inner satellites of Uranus might well
from moons that shattered about 3 billion years ago. The
are most likely fragments from the ongoing demolition of
If all the material in the Uranian rings could be scooped
into one large rocky iceball, it would form a body onl
kilometers) in diameter, smaller than any moon yet discove
By comparison, the particles in Saturn's ring system would
180 miles (300 kilometers) in diameter.* The rings of
thousand times more mass than the rings of Uranus.

Appointment
with Neptune

rmc real heroes are the engineers at JPL who built the
rful spacecraft that have lasted so long and

rmed so well.”

-mreﬁ-clan Scott Tremaine

(1988)

“for a spacecraft designed and built back in the days

‘when hand-held calculators were first being marketed, the
Voyagers have been remarkably responsive to the science

and engineering demands placed on them.”

g;l;at,). Miner, Assistant Project Scientist for Voyager

18

= Long before Voyager 2's data could be fully analyzed and i
The_ Price-to- thor%)ughly appreciated, Uranus was a sta:]jly:e dot far
Learning Ratio spacecraft, which was already preparing for its next and
From launch through the encounter with Uranus, Vo
each American $2. It was a remarkable return on an inv

Beuusa of its great distance, it has been hard to pry secrets from Nep-
‘tune. It is about the same size as Uranus but more than half again as
far away, so it is about ten times fainter and offers even less of a disk
upon which detail might be discerned. One large moon, Triton, was found
“soon after Neptune was discovered, but a century passed before a sec-
“ond moon, Nereid, was found in 1949.

Neptune moves so slowly in its distant orbit that, since its discovery
|in 1846, it has not yet had time to complete one revolution around the
That event won't occur until 2011.

1I"m' Voyager 2, Neptune was a staggering challenge because it stood
;l tin a line of ifs. If Voyager 2 survived, collected data, and achieved
_Ptopergrawtatmnal assist at Jupiter; if . . . at Saturn; if . . . at Uranus.
Each flyby placed its own special demands on the spacecraft's trajectory,
!Pﬂlﬁ the demands restricted its flight path at the next planet.

- Ifscientific success at Uranus were to match the Voyagers’ triumphs

143
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at Jupiter and Saturn, the researchers needed the spacecraft |
to the planet; penetrate deeply into the planet's suspected
sail close by the planet's innermost major moon, Miranda; and
behind the planet and its rings so that the scientists could u
transmission of Voyager passing through the planet's ring
atmosphere to reveal its structure and composition,
Voyager 2's flight by Uranus was also tightly constrained
craft's need to use the planet for a gravity assist to reach N
for Voyager 2 to get just to the vicinity of Neptune was n
searchers wanted a full-fledged scientific investigation, wh
course, flying close to the planet, plunging deep into its
and beaming radio signals through its rings (if there were a
sphere. It meant, as well, passing close to Neptune's largest
and flying behind Triton so that Voyager's radio signals could
the moon's atmosphere to indicate its structure and co!
It was hard enough to meet the objectives at Uranus even
neglect the gravitational-assist requirements to divert the ¢
tune on a precise billion-mile course. To meet all the object;
Uranus and Neptune was a lot to ask of one single flight
Yet such a flight path was found. It would carry Voyager
miles (4,900 kilometers) above the cloud tops at Nep!
then behind the planet, and then on past the moon Trito;
of only 25,000 miles (40,000 kilometers).! With utmost s
Voyager 2 could even avoid colliding with the planet, its

Closest approach to Neptune
(2,800 miles above clouds) \

-2 hours / Voyager 2

—_—
To Sun & Earth
g miles above surface)

(24,700

Voyager 2 at Neptune.
On August 24-25,
1989, Voyager 2 flew
outside the ring arcs,
over the north pole of
Meptune, then on past
Triton. Triton is the on-
ly large moon in the
solar system to travel
around its planet in the
direction opposite to its
planet’s spin and
revolution around the
Sun. Triton's orbit is
also inclined 23
degrees to Neptune's
equator. After passing
Triton, Voyager 2 was
headed out of the solar
system in a southerly
direction.

and its moons. It would be the closest planetary flyby in the

Hiding near the planetary fringe of our solar system, a billion miles (1.6 The New

gram. To make it work, Voyager 2 at Uranus had to hit a p
ata point in time with phenomenal accuracy. To miss “cor
at Uranus by a mile would create an error of 4,000 miles

pillion kilometers| farther out than Uranus, Neptune is about four times
too dim ever to be seen with unaided eyes. At a distance from Earth of

Challenge for

billion miles (4.5 billion kilometers), Neptune presents a disk only Voyager 2

A small miss at Uranus could be corrected later by using
thrusters to adjust speed and direction, but such a maneuver
by the fuel remaining.

The accuracy required of the spacecraft navigators at U
Voyager 2 on its unique trajectory for Neptune, said Ch
Voyager mission planning manager, was a feat comparabl
sinking a thousand-mile putt.

The celestial golfers holed out. When the mission team'
that Voyager 2 was headed down the corridor only 6 miles (1
off center, they canceled the final midcourse correction.

As Voyager 2 passed 50,700 miles (81,600 kilometers) ab
tops of Uranus on January 24, 1986, the gravity of the pl
spacecraft's trajectory by 23 degrees and increased its velo
4,500 miles per hour (2 kilometers per second). Voyager 2 v
to Neptune. A billion miles and three and a half years of tr.

arc seconds across, so discerning features on the planet is like seeing
on a dime a mile away.
- Because it is 30 times more distant from the Sun than is Earth, Nep-
fune receives 900 times less sunlight than our planet and 2.5 times less
than Uranus. The Sun in the skies of Earth is a disk measuring about
adegree (30 arc minutes) across. From Neptune the Sun is only one
minute in diameter—the size of a quarter seen across the length of
‘afootball field. Yet the Sun in the sky of Neptune is still about a thou-
“sand times brighter than the full Moon in our nighttime sky. Even so,
thelight levels at Neptune are low—the equivalent of twilight about ten
- minutes after sundown on a clear day on Earth.?
= WJwger 2 had three successful planetary encounters behind it, but Nep-
;’@Ine posed a new set of obstacles. First, the spacecraft would have to
survive the three and a half years of flight between Uranus and Nep-
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tune. Second, because of Neptune's greater distance from the

2 would have to take pictures at still-lower light levels. Th
close approaches to Neptune and Triton were scientiﬁcally_'
the speed of the spacecraft would be greater and the hazard of s
pictures increased. Finally, the increased distance would make
munication with the spacecraft even more difficult. Ata
billion miles (4.5 billion kilometers), instructions radioed to t}
would take four hours and six minutes to arrive, and the data
would take another four hours and six minutes to reach

The logistics of Earth's first spacecraft to visit Neptune p
pressure on the one remaining crippled onboard radio rec
the fault detection and correction systems of the onboard
It also put enormous pressure on the team of spacecraft n
Earth who, by using Voyager 2 pictures of the Neptunian m
their starry backgrounds, would have to determine the
tion, perhaps modify its speed and angle of approach slightly
fuel would permit, and update the craft about the changed
and angles for the cameras and other instruments.

In the three and a half years between the Uranus an
counters, improvements to Voyager 2 and to the communic
on Earth continued. The objective was to get from Voya
quality pictures and the same rate of data transmission fr
as had been achieved at Uranus despite the 57 percent grez
which more than doubled the problems of transmission a
In the perpetual twilight so far from the Sun, Voyager's te
would require longer exposures to form pictures. The lon
time exposure at Uranus without using the tape recorder:
seconds. For Neptune, due to computer reprogramming,
posure time without using the tape recorder could now be

Voyager 2 was now even steadier as a camera and instrum
than it had been at Uranus. By firing the thrusters in burst:
thousandths of a second to correct its aim, the spacecraft at
twice as steady as it had been at Saturn. At Neptune, the th
fire in four-millisecond bursts for a further increase in
stability of about 20 percent.

Even so, flying close to Triton's expected landscape of fea
speed would lead to blurred pictures, so the Voyager
engineers improved target-motion compensation (panning t
to follow the action) with nodding image motion com
small thruster bursts, Voyager could turn slightly to take
close its camera shutter and swing back to point its antenn
that the picture could be transmitted immediately witho

i tape recorder. The craft would then nod back to its target to resume
onthe t2P° ¢

. e taking.

But it Was not enough just to make improvements to a 12-year-old
ecraft built with early 1970s technology on an extended mission 2
ion miles (3 billion kilometers) and eight years beyond mission re-
ments. Improvements were made to facilities on Earth as well.
2 could not increase its radio-transmitting power, so NASA
sed the receiving power on antennae on Earth. At Goldstone,
ornia; Madrid, Spain; and Canberra, Australia, are the tracking sta-
of NASA's Deep Space Network. When Voyager 2 flew by Uranus
1986, each had a steerable radio receiving dish 210 feet (64 meters)
diameter. For the Neptune encounter, NASA enlarged those dishes
»30-foot (70-meter) receivers, increasing reception by about 20 per-
Other modifications to reduce background noise provided the big
hes with a total improvement in receptivity of about 50 percent.
addition, arrangements were made so that the Goldstone, California,
dhﬁ would be assisted by the Very Large Array radio-telescope facility
inSocorro, New Mexico. The VLA is a system of 27 movable dishes each

82 feet (25 meters) in diameter. The Goldstone and VLA receivers would
be linked together to more than double their receiving power to catch
the one-tenth of a billionth of a millionth of a watt reaching the array
from Voyager 2 at Neptune. A modern electronic digital watch operates
' on 20 billion times more power. Help for NASA's Canberra, Australia,
-fdish would come from Australia's 210-foot (64-meter) Parkes Radio
Telescope and, when Voyager 2 passed beyond Neptune and Triton, from
the 210-foot (64-meter) dish of Japan's Usuda space-tracking station.

L1
‘Uranus and Neptune, said the astronomy textbooks prior to the Voyager
Lgﬂyby are pretty much twins. And so they are in size, in mass, in at-
-~ mosphere, and in color. It was their similarities that provided a basic
set of expectations about what Voyager 2 would find at Neptune.
‘Uranus is a little larger in diameter, but Neptune has a slightly greater
~mass. Both have thick atmospheres composed overwhelmingly of
hydrogen and helium flavored with small quantities of other gases, in-
g methane. It is the methane that gives both Uranus and Neptune
ir blue-green color by absorbing the red wavelengths of sunlight.
~ But there are also differences—and significant ones.
Jranus and Neptune are similar in size and mass, but because Nep-
‘neis smaller in diameter and yet greater in mass, it has a considerably
‘Nigher density. That density was expected to enhance Neptune's magnetic
and internal heat.

Target Neptune
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Neptune and Triton
(marked by arrow) as
seen from Earth with
the 120-inch telescope
of the Lick Observatory
Lick Observatory
photograph

Unlike capsized Uranus, Neptune stands relatively upright é
around the Sun. There is some axial tilt—29 degrees—very sim
Earth's 23.5 degrees. Unlike Uranus, there is never any sun
ing down almost vertically on the Neptunian poles.

When it became possible to sample wavelengths beyond
light coming from Neptune, astronomers discovered that the tot
of energy radiating from Neptune was greater than the en
receiving from the Sun. The excess energy was in the form
radio waves. Jupiter and Saturn emit about twice as much
receive from the Sun due to heat from their interiors. Uranus
energy that it receives, but just barely. At Neptune, at least
energy flowing from the planet was from internal heat. It w
two to two and a half times more energy than it received
thought that Neptune was particularly warmhearted. It was
received so little energy from the Sun that it was easier te
planet's own emission. Neptune's internal heat production
to be roughly comparable to that of Uranus. The behavior
2 deep in the gravitational and magnetic fields of Neptune
vide new information about the planet's interior structure,
clarify the source of this internal energy.

And, perhaps because of its greater interior heat, Nep
Uranus, showed cloud features that were visible from E
struggle to see them, but they were there, Jupiter's clouds are
distinct and colorful. Saturn's clouds are shrouded by haze
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___iderable variation in hues. Ground-based observers occasionally
(O d to see features in the atmosphere of Uranus, but they could not
o pfirmed by most astronomers. When Voyager 2 arrived at Uranus,
4 e es in visible light showed an essentially featureless atmosphere.
" 1y intensive computer enhancement of contrast showed a very modest
. of details undiscernible by the unaided eye from the rest of the
ic background.
\ﬁmosp hf:lctge pfogression toward weaker atmospheric detail from
. er to Saturn to Uranus, one might have expected no cloud details
W e colder Neptune. But Neptune didn't care about expectations.
'm'l‘he discovery of cloud details on Neptune was made possible by a new
imaging technology called the charge-coupled device (CCD). Soqn a_fter
ﬁﬂs invention in 1969, the CCD began to outperform photographic film,
'hl.dl had been the picture-taking backbone of astronomy for a hun-
(&ed years. CCDs are small silicon chips divided into many rows and
mlumﬂﬁ Photons striking each tiny sensitive spot trigger a buildup of
M cal charge in proportion to the number of photons received. B_y
measuring the charge at each site, a picture can be constructed. In this
way CCDs serve as the heart of supersensitive television cameras. Us-
ing CCDs with Earth-based telescopes, astronomers detected on Nep-
fune bright high-altitude clouds that formed and vanished—and provided
ameans of estimating the rotation of the atmosphere of Neptune at dif-
ferent latitudes.

Ason Uranus, the length of a day on Neptune had been hard to measure
and was highly uncertain. As a gas giant planet, Neptune was expected
to rotate faster than rocky midgets like Earth. As a small gas giant like
Uranus, Neptune was expected to rotate slower than the larger gas giants,
Jupiter and Saturn. Neptune showed a modest equatorial bulge, which
suggested a rotational period as fast as 15 hours.

The extent of the equatorial bulge on Neptune was determined from
the planet's occasional occultations of stars. Those same occultations
allowed the diameter of Neptune to be measured with respectable ac-
curacy: 30,800 miles (49,600 kilometers).

The determination of Neptune's rotation by spectroscopy and
photometry had left considerable uncertainties. Spectroscopy measured
how fast Neptune's western limb was rotating toward the Earth and how
fast the eastern limb was turning away. Together with the exact diameter
of Neptune, these speeds could furnish a reasonable calculation of the
fotation of Neptune (or at least its atmosphere).

Photometry measured variations in the light reflected from Neptune
sothat f it had a long-lived atmospheric feature like Jupiter's Great Red
Spot, its appearance and disappearance as the planet turned could reveal
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This photograph of
Neptune, taken by
Heidi B. Hammel with
the University of
Hawaii’s 88-inch
telescope on Maura Kea
in 1986, was the best
ground-based image of
MNeptune of its time. It
showed clouds (bright
spots) in Neptune's

The Search for
Rings at
Neptune

Neptune's rotational period. One photometric measurem
that Neptune rotated in 17 hours 43 minutes.? :
Finally, in 1979, the first cloud features on Neptune were dj
Subsequent observations have refined the rotation period

(or at least its clouds) to about 17 hours.*

With the discovery of the ring systems of Uranus and |
astronomers suspected that Neptune would have rings 2
so faint, like those of Jupiter, that evidence of their existence:
to await a visit from Voyager, or were they substantial enc
of Uranus, to be detected from Earth when they occulted a
Such occultations, however, are much rarer for Neptune
for two reasons. First, although the two planets are about
Neptune is much farther away from Earth and therefore o
smaller apparent disk to eclipse a star. An occultation by Ni
pens only about once a year.
Second, the axial tilt of Uranus helps the chances that its
occult a star, while Neptune's tilt does not. Planetary ri
their planet's equator. So, in the case of Uranus, for about half
orbit, the rings present themselves face on to Earth, incr
in the sky where a stellar occultation can take place. But Ne
closer to vertical in its orbit and thus its equatorial rings
nearly edge on, reducing the area of the sky they cover a
chance they will occult a star.
In 1981, Neptune nearly eclipsed a star, and a team of as
was watching intently. The star blinked once as Neptune
but did not blink again after Neptune glided by. The asf
nounced a probable new moon of Neptune, but they weren't

ﬂlﬁ star i

mgﬂd su
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_ asn't a ring, they reckoned, because a ring would have occulted
i pound and outbound. Yet for a moon, a very tiny dot, to par-
cltl:lt a star was exceedingly improbable. Still, there are a lot of
4 ch events must happen sometime. And something had indeed
ed. But the suspected moon could not be seen directly.s .
" the search for a ring system continued. Neptune occulted a star in
Thew“h many astronomers in attendance. No evidence of a ring or
e moon was found. caall .
 [terested in the problem, an astronomer at the University of Paris,
s Brahic, asked for telescope time on July 22, 1984, at the European
ﬁem Observatory on Cerro La Silla, Chile, when NePtune was
:gheduled to nearly occult another star. His request was denied. But he
drew attention to the event and prevailed upon some colle:agues who
had been assigned to the 40-inch (1-meter) teiest_:ope that night to take
. break from their research and watch Neptune as it passed t.he star. There
:m a flicker before Neptune reached the star—but no flicker as I\Tep-
une moved away. The event had lasted about one second._ The star's light
fad been dimmed 35 percent. It was as if there was a ring at l\‘Teph'.me
put one that extended only part way around the planet—a partial ring,
qn;:;use of the attention Brahic called to the event, another team of
astronomers was also at work that night using the passage of I.\Ieptune
near the star to search for a ring. This team was only 60 miles !100
kilometers) south of Cerro La Silla, at the Cerro Tololo ¥nter—Amer‘1c.:an
'.'ObservatoryA Their 36-inch (0.9-meter| telescope carried a se‘nsuwe
‘pholmneter that continuously recorded the light levels on magnetic tape.

Occultation of star observed

Line of occultation

<

Orbit of ring arc

The “arc ring” system
of Neptune was dis-
covered in 1984 when
Neptune passed near
but not in front of a
star. Yet the star was
briefly occulted on one
side of Neptune but not
the other. Astronomers
concluded that a thin
ring was present but
that it extended only
part way around
Neptune—a ring arc.
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For quick reference, it also printed the average light leve] ¢
5.0 seconds. The occultation had lasted only about one
samples printed by the computer had so nearly averaged
that it went undetected.® But when the team leader, Wi
bard of the University of Arizona, heard about Brahic's
tion results at a conference that October, he reexamined th
of the observation on his magnetic tape, which showed light-}
every one-hundredth second. The occultation was real and a
detail with the event seen at the European Southern Ob,
because the same event had been seen by two observing
ferent sites, the occulting object could not be a moon. To p;
the same star simultaneously from slightly different angles
required no less than two moons positioned for simultz
occultations with preposterous accuracy. The likelihood
incidence was vanishingly small.

But a partial occultation seen from two sites could be ex
short narrow stream of debris circling Neptune. Based on the le
the occultation, the ring arc was estimated to be about 15
kilometers) across and 100 miles (160 kilometers) long. It was 41
(67,000 kilometers) from the center of Neptune. At 2.65 N
from the planet's center, this ring arc was near but beyond
Roche Limit, the distance from a planet within which a lar
not form due to tidal forces exerted on it by the planet.
arc lay beyond the Roche Limit for Neptune, the arc was
the breakup of a moon rather than primordial material th
form into a moon.

Based on the number of searches for a ring that found no

Artist Paul DiMare pic-
tures a ring system
composed of large dark
particles and little dust
or ice. Voyager 2 found ]
such a ring system at
Uranus. Will the arc
rings of Neptune look
like this?

© Paul DiMare

_ ] B;ahiC.

B

’ -:. ] a . . -
a,wl di:::)zery of an arc ring at Neptune provided continued stimula-
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and their collaborators estimated that the ring arc must
bout 10 percent of the planet.”

op
: Tne occultation observations at every opportunity. Approximately
gon for er of those experiments produced readings that were interpreted
e fragments, but according to researcher Phili;_; D. Nicholson, only
éﬁ-msm,]gs were absolutely convincing—and they yielded three separate
g at different distances from Neptune. So, as Voyager 2 approached,
e red to be at least three arc rings, and perhaps dozens. None
2 three best-established arc rings had been seen more than once.
‘.‘g'me t and outermost to be discovered lay 26,500 miles (42,700
'ﬂ'ﬂ ﬁ:{sers, above the cloud tops of Neptune. The distances of the inner
ighly uncertain.
..'ﬁw‘:zr:nl:tieryhard-won victory to wrest information from a tiny blue-
I! dot almost 3 billion miles (4.8 billion kilometers) away. .
: * But how had partial rings come to be, and how could_they persist? The
icles closer to Neptune must revolve faster, tending to spread the
prt; inner boundary forward along its orbit. The particles farther from
\entune must revolve more slowly, tending to spread the arc's outer
boundary backward along the orbit. Jack Lissauer calculated that rotfi-
ﬁmal shearing would spread the particles of the arc into a full ring in
]esslhall three years. So what was preventing the arc or arcs from form-
inga full ring? ' .

Several theoreticians attempted to explain how an arc ring system could

last millions of years, perhaps since the formation of the solar system.®
* Peter Goldreich, Scott Tremaine, and Nicole Borderies offered a me?h-
anism by which one shepherd moon could by resonances sfcabi}ize a series
of arc rings if the moon's orbit was circular but slightly inclined to the
arc ring plane. The mechanism was analogous to the moons Janus and
Bpimetheus in the Saturn system, which occupy almost prec:sel.y the same
orbit. As Epimetheus, the smaller of the two, catches up with its compa-
n, it is accelerated by the gravity of Janus and begins to ascend to
slightly higher orbit. As it rises, its orbital velocity declines and it begi.ns
fall behind. In this way Epimetheus never passes and never quite
es up with Janus.
As Epimetheus falls behind, Janus gradually, over a period of years,
stoapproach it from behind. The entire process repeats itself, this
lime with Janus falling behind and Epimetheus gradually catching up.
Inthis way Janus and Epimetheus oscillate closer and farther from one
er along the orbit they share.

This same process, said Goldreich, Tremaine, and Borderies, was prob-
ably at work in the Neptunian system, except that Epimetheus was re-

=13
=
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placed by a swarm of particles. Each particle in the arc rings
like a tiny moon and exhibit the same kind of oscillation as!
catching up with and falling behind its coorbiting moon, whig
as shepherd. Astronomers had not yet seen that shepherd
Neptunian system, but perhaps Voyager 2 would.
Depending on its size, this coorbital shepherd would be ab
not only a ring arc or arcs at about its own distance from }
also, by resonance, a large number of arc rings at differen
According to their calculations, these arc rings would b
billions of years, so the partial rings could have been in place
the time that Neptune formed.

Lagrangian Points. For
any two bodies revoly-
ing around one
another, there are five
precise positions where
the gravity of the two
bodies and centrifugal
force will allow small
objects to remain. Only
the L4 and L5 points
are truly stable,
however, for small ob-
Jects disturbed from
those points will
oscillate near those
positions and not fall
toward either body.

 different method of sustaining Neptune's peculiar ring arc system
A oposed by Jack Lissauer using a fascinating arrangement of
" 1 erd moons. To explain how the arc particles stayed together in a
: along their orbit, Lissauer took his cue from Jupiter. As Jupiter
o< around the Sun, two families of asteroids travel with it in its
one 60 degrees ahead of Jupiter and another 60 degrees behind.
5 ‘minor planet families of Jupiter are called the Trojan asteroids,
their orbital curiosity was first explained by the Italian-French
ematician Joseph Louis Lagrange in 1772, more than a century
+re asteroids began to be discovered at the Lagrangian Points.
these positions the gravity of Jupiter and the gravity of the Stan
e in such a way that particles and moonlets located there remain
istant from the Sun and Jupiter with stable orbits. Three other
itationally balanced positions also exist for any body and its orbiting
ite. But of the five, only two provide stable orbits: those that lie along
satellite's orbit and precede and trail it by 60 degrees. The preceding
rangian Point is designated L4; the trailer L5.
Jupiter, the Sun and planet combine to produce gravitationally stable
itions for the Trojan asteroids. Lissauer used that scenario for Nep-
with the substitution of the ring arc for the Trojan asteroids and

fun

LAGRANGIAN POINTS

1772 mathematician Joseph Louis Lagrange dis-
covered a peculiar consequence of the law of gravi-
fy when applied to two bodies orbiting one another,
as Jupiter and the Sun. According to his
calculations, there would be two positions along the
it of Jupiter 60 degrees ahead and 60 degrees
behind the planet where the gravity of Jupiter and
Sun would cause small objects near those sites
oscillate without falling toward Jupiter or the

In 1904, 132 years later, asteroids began to be
nd at those positions, called the Lagrangian

 There are a total of five Lagrangian Points for any
wo bodies revolving around one another. The
other three lie along a line connecting the two
dies, as shown in the diagram. These points,
er, are not stable for small objects because
ifthe objects are disturbed even slightly from those

positions (by the Sun or another planet), they will
wander away and not return.

No asteroids have been found at the Lagrangian
Points in the Earth-Sun or Earth-Moon systems, but
there have been reports of particles detected at the
orbital positions 60 degrees ahead (L4) and 60
degrees behind (L5) each of the smaller bodies.

No asteroids have been found at the Lagrangian
Points in the Saturn-Sun system either, but the
gravities of Saturn and its modest-size moon Tethys
work together to hold two moons at Lagrangian
Points along Tethys' orbit. Calypso occupies the L4
position and Telesto follows at L5. Both Lagrangian
moons are about 15 miles (25 kilometers) in
diameter.

Saturn appears to delight in Lagrangian possi-
bilities. The ring-master and its moon Dione com-

bine gravitational forces to hold Helene (about 20
miles in diameter) at Dione's L4 point.
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the substitution of Neptune and an undiscovered moon In the hypothesis by

TH
Jupiter. He suggested that the undiscovered moon was 60 ' fROM EAT ' :?‘r::e; :::::l:;- ;:‘;‘;
the arc ring (which would place the arc ring in the L4 could be maintained by
complish its gravitational duties, this Lagrangian shepherd ye ’ the teamwork of two
to be about 125 miles (200 kilometers) in diameter—a shepherd moons un-
Voyager 2 discovery because it is too small to be seen : seen from Earth. The
The Lagrangian shepherd would keep the arc ring / arcs would lie at the

A 4 z traili
spreading out along thleu' orbit around Nfeptune i‘:;ut :‘e:;:ng g?arn r:o I“ng -
the spread of the particles outward and inward into a one moon that would
to collisions that would accelerate some into higher orbi keep the fragments
others into lower orbits, Eventually these collisions wou] bunched up along their
ticles far enough from the stable Lagrangian Points so t orbit. A second moon
would be extremely tenuous. So at least one more sh inide ar-outalde the

y - ; Shepherd satellite Arc g ring-arc orbit would
necessary to control the radial spread of the arc. Like th
the full rings at the other gas giants, this shepherd could

keep the fragments
Lagrangian sateliite from spreading inward
outside the arc ring. There could be an inner shepherd, an 1 \ or outward.
H POLAR VIEW

Lissauer was forecasting that this shepherd would lie
ring where its greater orbital velocity would cause it peri
up with and pass the arc ring particles and accelerate d
ones slightly so that they would climb back into the arc.
not decay into Neptune. There was no way to know tk
shepherd because the required mass would vary accordi
its orbit was from the partial ring. It was probably be
miles (100 and 200 kilometers) in diameter. A shepherd or
(1,000 kilometers) below the orbit of the arc ring, said
need to be about 75 miles (120 kilometers) in diamete

Which model, if either, was correct? Lissauer felt that
Tremaine-Borderies hypothesis deserved to be favored
more economical in the number of moons it required
Lissauer's system would be stabilized by two or three sh
whereas in the GoldreichTremaine-Borderies explanatic
would suffice to stabilize one or many arcs. If Voyager 2 coul
the expected shepherd moon or moons of Neptune in
ring system, it would be possible to settle this questio 3

Scientists were also anxious to see if Voyager 2 could
ring arcs themselves. It wouldn't be easy. As measured fro
occultations of stars, the arcs were certainly very narro
of Uranus, and probably very dark as well. With its ability fc
pictures and to provide its own radio occultation experiment
that Voyager 2 might reveal the number and structure
curious ring fragments and the size and nature of the p
pose them.

or both.
8 i

n moons had been confirmed for Jupiter. Seventeen for Saturn. Fif- g
for Uranus. But only two moons were known to exist at Neptune. The Moons of
fiton was discovered by the English brewer and amateur astronomer Neptune

m Lassell soon after Neptune was found and was named ap-



Appointment with Neptune 159

158 PLANETS BEYOND
SCORECARD FOR VOYAGER 2 DISCOVERIES AT NEPTUNE
) Best Information Data from
Best Information Data fr before Voyager 2 Voyager 2 Encounter
before Voyager 2 Voyager 2 E; Encounter
Encounter
Neptune
Dianieter 30,800 miles 30,770 miles ZQD miles (300 _kilometers} 210 miles (340 kilometers)
(49,600 kilometers) 49,520 kilometers) (bighty uncertain) .
Mass (Earth=1) 17.2 17.15 . negligible : negligible
Density (water=1) 1.76 1.64 2 (highly uncertain) about 2
Rotation period 17.0 hours (based on clouds); 16.11 hours for int unknown unknown
about 18.0 hours suspected for 18.3 hours for ck none ~ none

Magnetic field not detectable from Earth; 0.13 gauss av
ala}.lspected to be similar to ia_nf.'i offset 55% perhaps 1 6
ranus’ in strength rom center ?
Rings 3 ring arcs reasomgl:]y certain; 4 sparse but comp lfm.m 260 to 30 m.ﬂes [42040.50
material fills about 20 percent outer ring has 3 kilometers] in diameter)
of orbit; ring particles ex- segments; ring n
pected to be black; shepherd and dusty

Distance from center of planet

interior

moon(s) expected for arcs
25,000 to 44,000 miles

none known

none resolvable

39,100; 36,700 to 3 iately after the son of Poseidon (Neptune), god of the sea. He and

(41,000 to 71,000 kilometers) 33,100; 30,400 to thers, the tritons, had the upper bodies of men and the lower bo-
gzzz%o 45996000th of fish—the male version of mermaids.
I:;ilorﬁete'rs] A second satellite of Neptune was not discovered for more than a cen-

Atmospheric composition hydrogen, helium, methane hydrogen, heli . It was found in 1949 by Gerard P. Kuiper. Thought to be less than
Atmospheric features methane clouds barely dis- Great Dark Spot, 0 miles (about 300 kilometers) in diameter, this small moon was named
cernible away from equator; Spot, and sma id after th hs wh d ttendants for Poseid
slight banding expected but fentires anilE d after the sea nymphs who served as atten, or Poseidon.
not seen from Earth prior to Voyager's visit, Neptune was only known to have two moons.
ger was expected to change that. It tripled the number of moons
Triton n at Uranus. Neptune's greater distance made the detection of
Diameter 2,200 miles (3,500 kilometers) 1,681 miles (2,705 i smaller than 150 miles (250 kilometers) very difficult from Earth
{highly uncertain) with ground-based telescopes. And it was hard to explain Neptune's arc
g:::ifgmh"” g'?}}i?;h}y e g.ggaﬁ without invoking at least one shepherd moon of respectable size.
Rotation period 5.9 days retrograde 59 days There was a feeling that surprises might be in store. What they lacked
Atmospheric composition methane, nitrogen nitrogen (99.9 number, the moons of Neptune might make up in weirdness.
) than 0.1%) Triton, the larger and closer of Neptune's two moons, traveled around
Atmospheric features pressure and transparency pressure about | " : RS A 5
Giksen Earth; fant planet in a retrograde orbit—circling in the direction opposite to Nep-
Surface features none known; methane and nitrogen ice caps, s orbit around the Sun and rotation on its axis. Triton was the only
w_ztuer frost deh;:ftl?d]:‘ po‘;s_ible nffttwork satellite in the solar system with this peculiarity.
b et oo e;qpl:Cled terratar i Vereid was peculiar in its own way. It possessed the most eccentric
due to methane polymerization reflective bit of any moon in the solar system, passing as close to Neptune as

0,000 miles (1.4 million kilometers), then swinging out to 6.0 million
9.7 million kilometers).

nlike most other satellites, Triton and Nereid did not revolve around
Planet's equator but instead occupied substantially inclined orbits.
e anomalies combined to suggest to most planetary astronomers
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that something catastrophic had happened to the satellite s
tune. Perhaps the disruption and damage had been so
number of moons waiting to be discovered at Neptune wa
only those required to hold the ring arc system in place.

Triton was big—but exactly how big was uncertain. Itw
be about 2,200 miles (3,500 kilometers) in diameter.
made it considerably larger than Pluto and about the san

because the temperature range for nitrogen as a liquid is very
 But what if Triton, son of the sea god Neptune, had such peculiar
n its surface?
Voyager 2 glimpse this landscape? Would the atmosphere of
n be transparent? Over the last few years the light variation from
_ asit rotated had virtually vanished. Scientists worried that as Triton
ed its summer season, its atmosphere was becoming hazy. Still,
Moon. Of the satellites in the solar system, Triton was ey s spectrometers and the analysis of its radio signals passing
between fifth and seventh in size, behind Jupiter's Gan: sgh the atmosphere of Triton were expected to provide conclusive
Titan, Jupiter's Callisto and Io, and perhaps behind Ea; Jtion about the gases that blanketed this moon.
Jupiter's Europa. Even if Triton had a larger diameter th n's atmosphere was transparent, Voyager 2 hoped to see a moon
it probably had less mass because our Moon was de Jupiter's Io, Saturn's Titan, and Uranus’ Miranda in spectacle and
Of all the 54 satellites in the solar system known at . Triton must have led a remarkable life. It was the only large
two—Triton and Titan—possessed permanent atmosp in the solar system to revolve in a retrograde direction. Triton must
studies of Triton by Dale P. Cruikshank and Peter Silva undergone a major gravitational ordeal after it formed. Perhaps
tified methane ice on Triton's surface. That led to the re; 2 would see Triton's history written on its surface features.
Triton must possess an atmosphere. It was not possible on August 24, 1989, Voyager 2 passed closer to Neptune than it
methane gas from methane ice in the spectrum, yet at to Jupiter, Saturn, Uranus, or any of their moons or rings—only about
of Triton (estimated at —360°F; 55°K), there had to be eno 0 miles (4,900 kilometers) above its cloud tops as it skimmed over
tion of methane ice to provide Triton with at least a very thi ne's north pole!' and headed on for Triton and then the stars.
Cruikshank and his colleagues also discovered on Trit or 2 had completed its Grand Tour of all four giant planets in our
of molecular nitrogen (N,). Much of it also would lie co; al system
surface, but enough would be vaporizing to give Triton a sut
sphere, with perhaps one-tenth the surface pressure of th
Thus the atmosphere of Triton was pictured as very
the Voyagers found at Titan: a gaseous blanket dominatex
with a trace of methane.'® Ultraviolet wavelengths of sunlij
bardment by charged particles in Neptune's magnetospher
methane in Triton's atmosphere to polymerize into s
Titan. But Triton's atmosphere was so much less dense
the smog might perhaps have dropped out of the sky, Iea
dish sludge of organic chemicals on the surface on na.
smog in the atmosphere.
The colder temperatures at Triton might indeed produce a
scape. In identifying methane ice on its surface, Cruiksh
noticed that as Triton rotated in a six-day period, th
as to indicate that the methane ice did not cover everything
envisioned the methane ice to be distributed in continent
between which water ice, rock, soil—and nitrogen—were
expected temperature range on Triton might allow the ni
frozen or liquid. Cruikshank suggested that Triton might
shallow lakes, a few feet deep, of liquid nitrogen. Some ast
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VYoyagers to

the Stars

“This is a present from a small distant world . . . We a

attempting to survive our time so we may live into you

We hope someday, having solved the problems we fa

Join a community of galactic civilizations. This record
represents our hope and our determination, and ou C

will in a vast and awesome universe.”

From President Jimmy Carter's message to extraterrestrial civilizal
the Voyager spacecraft record (1977)

Voyager 2's Grand Tour of the outer planets must end
1989. To obtain a gravity assist from Neptune so that Voy:
on to Pluto would require the spacecraft to fly within 3,1
kilometers) of the center of Neptune. Since the radius of Nej
miles (24,800 kilometers), this extension of the mission

But Voyager 2's mission will not end with the Neptune er
Voyager 1 and Voyager 2 received enough energy from

at Jupiter to escape from the solar system. Their subseq__

encounters have been along trajectories that will permit
the gravitational bonds of the Sun and send them out of
on an endless glide through interstellar space.

But crossing the orbit of Neptune or Pluto does not pla
beyond the solar system. Beyond the outermost plane
Cloud, a reservoir of trillions of comets, extending half
star. Its outer boundary is perhaps 7,000 times the distan¢
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n, yet the comets of the QOort Cloud are held to the solar system
Sun's gravity. For Voyager 1 and Voyager 2, leaving the solar system
threshold that lies far in the future.
there is a boundary that both Voyager craft may survive to mark.
agers are sailing outward with the solar wind at their backs—a
¢ of electrons and protons from the Sun racing past them. Near the
th, the solar wind regularly blows at a million miles per hour (500
s per second). But somewhere, well beyond Neptune, the speed
solar wind falters as the outbound particles are confined by the
of the interstellar gas and magnetic field through which the solar
N swims,

Flight paths of the
Fioneer and Voyager
spacecraft among the
giant planets
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This bubble of confinement is the heliopause—effectiy
the Sun's far outer “atmosphere”—the point where the ¢
less that of the Sun than of the combined outpourings ¢
stars in the Milky Way Galaxy. It is an important threshold.
wend their way toward the stars.!

The location of the heliopause—its distance from the Sy
No spacecraft escaping from our solar system has yet re:
dary. Only four spacecraft are outbound with escape
beginning of 1988, Pioneer 10 was about 42 astronomical
Sun, Pioneer 11 was 24, Voyager 1 was 31, and Voyager
both Voyagers are already farther from the Sun than Pj
reached Saturn via gravitational assist from Jupiter by
across the solar system than directly outward. Voyager
Pioneer 10 in distance in 1998. Voyager 2 will over!
2016.2

Pioneer 10 is leaving our solar system in a direction n
to the Sun's motion among the stars. The distance to
upstream (in the direction the Sun is moving) is expect
than the distance downstream because the speed of
upstream direction causes the pressure of the interstellar
greater, pushing the heliopause inward. Therefore, Pi
downstream, may have farther to travel to reach the he
other craft.

The distance to the heliopause must also be somewhat
of the changeable output of the Sun. Faster solar part
heliopause outward, while periods of slower-moving part

The top diagram on the facing page shows the flight path
Voyager and Pioneer spacecraft as they leave the realm
as viewed from north of the solar system. The bottom di;
the Voyager and Pioneer trajectories from the side, 20 :
the plane of the solar system, viewed from the vernal equi

of each spacecraft’s trajectory marks its position in the
Here are the directions (based on the ecliptic) that the s
headed and their asymptotic speeds.

Asymptotic Speed Celestial
Spacecraft (astronomical units per year) Latitude
FPioneer 10 2.384 2.909°
Pioneer 11 2.214 12.596°
Voyager 1 3.501 35.549° VOYAGER 2

Voyager 2 3.386 -47.455°

Voyagers to the Stars 165
1 year
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“I’ovornll Equinox
1year
- =
PIONEER 10
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NASA’'s Pioneer 10 and
11 and Voyager 1 and 2
spacecraft are headed
out of the solar system.
Artist Don Davis por-
trays Pioneer 10, at pre-
sent the most distant
craft, moving outward
from the Sun (the
brightest star visible)
and away from the
heart of our Milky Way
galaxy.

NASA Ames Research
Center

<

heliopause to contract. Solar scientists think that the heliop
a distance of 100 to 200 astronomical units—100 to 200 times
distance from the Sun. Neptune orbits at a distance of 30
units.

Voyager 1 and Voyager 2, increasing their distance from
about 3.5 astronomical units per year, could arrive at the helio
early as about 2010. Both craft should continue to have enough
power from their nuclear generators for radio transmissio;
fuel for their thrusters to keep their antennae turned toward
about 2010 or 2015. If the heliopause lies at about 100 astrono;
from the Sun, the Voyagers may tell us where. Beyond that p
Voyagers will continue outward, but they will be mute and

Yet even at the heliopause, the Voyagers’ journey of departi
the solar system will scarcely have begun. Beyond them will
cloud of comets, no less members of the Sun's family than
The Oort Cloud may begin as close to the Sun as 50 astrono
and extend as far as 135,000, halfway to the nearest star. E
the Voyagers are separating themselves from the Sun at abo
per second (16 kilometers per second), it will be 40,000 years
are beyond the Oort Cloud and have truly crossed the bound
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ellar space. Forty thousand years is about the period of time that
s&pﬂates us from Neanderthal Man.

Onits Grand Tour of the giant planets, Voyager 2 was traveling near the

_.ne of the solar system. But at Neptune, Voyager 2 passed low over
he plane*'-‘; north pole, and its course was bent southward to encounter
riton. So Voyager 2 will be headed out of our solar system on a southerly
oute. It is pointed toward a rather drab region of the sky in the con-
#l]ation Pavo, the Peacock. To see that part of the heavens, we must
be in the southernmost United States or farther south.

Yet, ironically, Voyager 2's first reasonably close stellar encounter will
ot be with any of the stars in the far southern sky but with a star now
Jocated in the northern constellation Andromeda, the Princess. That star,
fnown only by its catalog designation of Ross 248, is a small cool red
star with only about one-fifth the mass of our Sun. Find the Great Square
of Pegasus and look north one length of the Square—and you will not
cee Ross 248. With a magnitude of +12.3, it is about 200 times too faint
for human eye visibility.

Even though Voyager 2 will be traveling south and Ross 248 is located
in the north, the two are moving toward one another. While Voyager 2
is consuming 40,000 years in its transit through the Qort Cloud, all the
sfars in the sky are moving in different directions. The constellations are
gradually changing shape beyond recognition. Some of the stars are com-
ing toward us faster than our spacecraft are going to meet them—almost
as if they are coming to fetch the Voyagers.

Ross 248 is currently 10.3 light-years away, but while Voyager 2 rushes
gutward at 33,000 miles per hour (14.8 kilometers per second), Ross
248 is approaching our system at more than five times that speed. No
sooner will Voyager 2 emerge from the Qort Cloud than, 40,176 years
from now, it will encounter Ross 248, passing at a distance of 1.7 light-
years, closer to Voyager than to any subsequent star known. Ross 248
will pass the outskirts of our solar system 3.25 light-years from our Sun,
25 percent closer than our nearest stellar neighbors, the three stars of
Alpha Centauri, are to us now. Yet even when Ross 248 reaches that close
range, it will be four times too faint for people on Earth to see without
atelescope.

Still, its passage may eventually be seen and even felt indirectly as its
_smvity warps the orbits of millions of comets and redirects some of them
nward toward the Sun where they will provide brilliant displays in the
skies of Earth and perhaps even impacts on our planet.

Voyager 2 and
the Stars
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Voyager 1 and
the Stars

A Message
from Earth

The same kind of stellar encounter awaits Voyager 1,
traveling toward a very different part of the sky. It is poi
tion of Rasalhague, the brightest star in the constellation O
Serpent Bearer. But the star headed for a rendezvous
AC+79 3888. This star, with no name other than its
currently to be found in the faint constellation Came
Giraffe. This region of the sky is visible all night long
north of the Tropic of Cancer. AC+79 3888 is just a short
Polaris, the North Star, and halfway between the bowl of
and the W of Cassiopeia. AC+79 3888 is slightly larger and |
Ross 248, but it too is a small cool red star with only @
mass of our Sun. At its present distance of 16.6 light-yea
is an 11th-magnitude star, nearly a hundred times too fain|
eye to see.

While Voyager 1 is moving outward at 37,000 miles
kilometers per second), AC+79 3888 will be traveling
system at seven times that speed. In 40,272 years, at the
Voyager 2 will be scurrying by Ross 248 more than a q
around the sky, Voyager 1 will be only a little more than
from AC+79 3888, and AC+79 3888 will be just 3 light-ye
Sun.¢ Even so, AC+79 3888 will still be two times too F
on Earth to see without a telescope. 1

Voyager 1 and Voyager
2, bound out of the
solar system, carry
sounds and pictures of
Earth on a phonograph
record to show a
civilization that may
find the spacecraft
what life on our planet
is like. Here, a techni-
cian is mounting the
interstellar message on
Voyager 2.

NASA

And the stars are so widely separated that there is a vanishingly small
chance that either of the Voyagers will hit or come very close to a star
in the next billion years. e .

 siill, just on the outside chance that some civilization deep in space
may retrieve a Voyager, each craft is equipped with a special record that
gives its finders pictures and sounds from the planet Earth.

" The message was designed for NASA by Carl Sagan, Frank Drake, Ann
Druyan, Timothy Ferris, Jon Lomberg, and Linda Salzman Sagan. At-
fached to the side of each Voyager is a gold-coated two-sided copper
jg&mogxaph record, complete with enclosed stylus and cartridge and with
instructions etched on its aluminum cover. The record should last a billion
 years. On it are greetings in 55 different human languages and one whale
~ language; the sounds of Earth—from thunder to frogs to a newborn t?aby;
| g_!m.inutes of music from around the world; and, encoded as vibrations,
118 pictures of our planet and ourselves.®

For the beings that find a Voyager along its endless journey, ’.Lhe
- spacecraft will have found a new and eloguent voice—no longer telhx_xg
its home planet about other worlds but now telling other beings of its
origin and the people who sent it outward.

Quite by accident, both of these first star encounters by
are with single stars like our Sun—a minority in space, whe:
have one or more gravitationally bound companions. They
planetary systems, since we think the process that starts
of stars is identical to the process of planet formation,

Yet even with a family of planets, it is very unlikely that B
AC+79 3888 provide the right environment for life to e
are much smaller than our Sun. They emit so little heat thata
have to be at precisely the correct distance with an almost
cular orbit to stay in a habitable zone. Worse still, that plan
so close to its star that it would be tidally coupled to it, like
are to their nearby planets, so that one side of the planet
constant sunlight while the other side would freeze in cor
Most scientists do not expect life to exist in the solar s
mass red dwarf star.

Even if both these stars illuminate planets populated b;
spacefaring beings, it would be extremely unlikely that they v
a tiny silent spacecraft passing beyond the fringe of their ¢ :
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The Smalle
Planet

“One cannot help but wonder whether this remarkable
pair (Neptune and Pluto] holds any further surprises.”

Astronomer James G. Williams
(1971)

Pluto was hard to find. Of the few who sought to locate a trans
planet, most justified their efforts by what seemed to them
but real irregularities in the motion of Uranus even after
tions of Neptune were accounted for. Pluto was finally di
culminating a series of searches that began in 1905. But e
discovery, Pluto, like its mythological namesake, wasa s
if not downright antisocial. The planet revealed almost
astronomers. .
No moon was seen, so it was not possible to calculate Plut
ing the law of gravity.! Pluto’s disk as seen from Earth was!
measure, so it was not possible to determine the diameter o
with any accuracy at all. The planet revealed no surface fe
dimness of the planet and the inability of existing telescoj
disk meant that, unless Pluto was absurdly dense, it was t
be the planet that Lowell and Pickering had predicted. Its
not have measurably disturbed the motion of Uranus. 3
When it was discovered, Pluto was thought to be about the s
As telescopes grew and techniques improved, the planet sta)
always small enough to avoid precise measurement. It was
be three-quarters our size, then half. In 1950, Gerard P.
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pluto wanders in front of two galaxies. In the picture on the left (Oc-
tober 28, 1970), Pluto is the starlike object at the top of the galaxy on
the right. One day later (picture on right), Pluto has moved to a posi-
tion where it appears between the two galaxies. James Gunn took the
photograph on the left with the 48-inch Schmidt Telescope at the
palomar Observatory. The photo on the right was taken by Karen and
Richard Hackney and Alex G. Smith with the 30-inch telescope at the
‘Rosemary Hill Observatory, University of Florida.

(left) Palomar Observatory photograph by James Gunn; (right) Courtesy of Karen
Hackney, Richard Hackney. and Alex G. Smith

measure Pluto’s disk with the newly operational 200-inch telescope on
Falomar Mountain and concluded that Pluto was less than 3,500 miles
{5900 kilometers) in diameter.?

In1955, Merle F. Walker and Robert Hardie at the Lowell Observatory

identified fluctuations in the light from Pluto recurring over a period of

63867 days. They interpreted this (correctly) as the rotation period of
Pluto.

Then, in 1976, astronomers* used spectroscopy to identify frozen

-Il'mfhane on Pluto's surface, and estimates of the planet's size plunged
gain. Until that time it had been thought that Pluto was a dark-colored
Sbject with low reflectivity like our Moon or Mars or the asteroids. But
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sphere is precarious. If it were a little colder, Pluto's atmosphere
i freeze to the planet's surface. A little warmer and virtually all of
105 wisp of an atmosphere would escape, unless continuously
.ished by the evaporation of surface ices.

nearly half a century after its discovery, Pluto had shrunk from
and defied efforts of familiarity. But gradually, hardworking
omers (and Pluto's eccentric orbit) coaxed the planet into a more
smodating mood. Suddenly, everything Pluto did seemed almost
for attention. Pluto turned out to be something of an exhibitionist.

with methane ice on its surface, Pluto was now
reflective body. If Pluto was reflecting 40 to 50 percen
received yet still was very dim, it had to be even smaller
ly estimated, or more light would have reached the E
smaller than Mercury. It had fallen to last place in size
in our solar system. Pluto was probably smaller than

The existence of methane ice on Pluto led astronom
tion that Pluto must have at least some atmosphere, M
only at extremely low temperatures. At Pluto, where tes
45 to 55° above absolute zero (—379 to ~361°F; 228 to
ane is frozen but is steadily vaporizing to supply Pluto
sphere. A temperature change of just a few degrees
vaporization and the amount of atmosphere greatly.
methane makes it certain that Pluto has a tenuous atmos ..
but it is very hard spectroscopically to distinguish n
methane ice.

On June 9, 1988, Pluto edged in front of a star, the first

e crucial breakthrough in Pluto research came on June 22, 1978, when %
ses W. Christy was examining photographs of Pluto he had requested. The DlSF.OVCl‘y
v had been taken as part of an ongoing effort by the U.S. Naval Obser- Of Pluto’s Moon
 to establish a more accurate orbit for the planet.® Pluto had been
otographed by Anthony V. Hewitt on three different dates using the
inch |1.55-meter] Astrometric Reflector at the Naval Observatory's
occultation for tiny Pluto since it was discovered. The sf ' taff (Arizona) Station. There were two plates for each date and three
and returned gradually rather than blinking out and then ; s of Pluto on each plate. They did not look very promising. The
denly, indicating that Pluto is surrounded by a partially ; pictures had been marked "poor” because the image of Pluto appeared
medium—an atmosphere. Methane must be present, but be defective. It was elongated. It would be hard to get measurements
even the principal components of the atmosphere have not Pluto’s precise position from a dot that had been elongated asym-
mined. Whatever its composition, Pluto's atmosphere can’ trically as if the image had been smeared when the telescope failed
The gravity of Pluto can't hold much. track it properly as the Earth turned during the 1.5-minute exposure.
Still, it is surprising that a planet of such small size: But then Christy noticed that the stars around Pluto were not elongated.
gravity—can retain any atmosphere at all. The atmospkh looked again at the elongations of the Pluto image. The bulge had
not tightly bound to Pluto. The methane gas must be dri ed position. On the April 13 and 20 plates the elongation was to
gradually as solar energy, weak as it is at Pluto, accelerates south. On May 12, the elongation was to the north. Christy toyed
molecules to Pluto's escape velocity—a mere 2,700 miles th the idea that Pluto had a moon, but he remained skeptical. He
kilometers per second). If methane molecules at the top sed his findings with his colleagues, looking for other explanations,
sphere are traveling outward and do not collide with o bt none seemed to fit.
they are lost. To keep Pluto supplied with its present me The next day, Christy examined the 50 earlier U.S. Naval Observatory
since the beginning of the solar system, the planet wo of Pluto taken in 1965, 1970, and 1971. Two plates from 1965
a global coating of methane ice at least 2 miles (3 kilom ed the bulge. But most interesting were five plates taken during one
skimpy as Pluto's atmosphere is, astronomers think i kin 1970. They showed the elongation progressing clockwise around
thicker now than usual, as Pluto makes its closest approa 0 in a 6-day period, about the same as Pluto's rotational cycle.”
and the warming temperatures vaporize more methane sought out his colleague Robert §. Harrington. “Bob," said Christy,
a few years of the planet's 248-year circuit of the Sun, Pl S got a satellite."
may lie frozen on the ground. ' - Christy measured the elongation angles carefully so that Harrington
Measurements following perihelion may indicate wheth cattempt a calculation of the orbit of the satellite. He began with
atmosphere of Pluto is transient. Certainly Pluto's ma HiEassumption that the moon's period of revolution was exactly the same
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—OMENT OF PERCEPTION
bAy James W. Christy

L, 3ppa:ently insignificant detail on a small
| of astronomical images came a bonanza of
Qwﬁﬁc revelations. Pluto, a mystery for 48 years,
: a well-understood planetary system within
an of a few days. How did this happen? Why
!f‘?"’chmn not seen earlier by the thousands of
_nomers who studied Pluto?
The elongation on the images of Pluto that was
haron was minute and hidden from perception
many effects: elongation due to the orbital mo-
fion of Pluto during exposure, elongation from
imprecise tracking of the telescope during ex-
sasure, expansion of the image of Pluto due to poor
iseeing’’ through the atmosphere, distortion of the
jmage from imperfect telescope optics, and distor-
fions from uneven distribution of photographic

y-;:ejongation on the images of Pluto was also
hidden by the bias in the minds of most astro-
pomers, including myself, that moons did not ex-
istthat close to planets and, because many attempts
fofind a moon of Pluto had failed, that Pluto did
 nothave a moon. Many of us had even been taught
- that. Thus, even though I had seen several ex-
- posures of Pluto with significant elongation, my
“mind was not yet open to discovery.
From the day that Pluto was discovered in 1930,
- stronomers had hoped to find a moon of the planet
andthus calculate its mass. They made stronger ex-
posures and Pluto's image overwhelmed that of
Charon. They made underexposures in which the
of Pluto's companion was undetectable. Also,
Was at opposition (closest to Earth) in mid-
Winter through most of the period. During winter,
observatories suffer from poorer "seeing"
nditions and optical distortions, both due to ther-
gradients in and around the telescopes. Pluto's
ombital motion has caused opposition to slowly
figrate until, at present, it occurs in the spring.
The discovery exposures of Charon were made
far from opposition in late spring near
the observing season for Pluto. Better

background stars (such as one shown to the right), exhibited
distortion. He found elongated images of Pluto on earlier
Observatory photographs. His conclusion: Pluto has a moon.
posed the name Charon.

Official U.S. Naval Observatory photograph

as Pluto's period of rotation. Using a pocket calculator at home,
computed the satellite's probable orbit and compared it
tions that Christy had measured on the photographs. 1
predicted positions fit the image bulges almost perfectly.
fun,” said Harrington.

Pluto had a moon. It proved to be the largest satellite to
since Neptune's moon Triton was found in 1846. No soo
rington computed the moon's orbit than he used its orbit
mass of the Pluto-satellite system. He also noted that Pluto
were gravitationally bound together in a unique way. Mo
revolve around their planets in the same period of time ¢
once, so that they always keep the same face pointed at th
Unlike any other planet, Pluto also rotates once for every
its moon, so Pluto keeps the same face pointed back at its

e end of

James W. Christy, discoverer of Charon, at
the U.S. Naval Observatory’s Starscan
equipment, with which he determined that
the bulge in Pluto was a moon.

Courtesy of James W. Christy

seeing conditions occur then in Flagstaff. The ex-
posures were made with a telescope of high optical
quality and low thermal coefficient optics. The ex-
posure times just happened to be exactly right for
detection of the elongation of the image, which was
Charon.

When I first saw these exposures on June 22,
1978, I was looking with the mind and eyes of an
astronomer who had examined roughly 50,000 im-
ages in recent years. Many of these images had
been of double stars exposed in the course of the
U.S. Naval Observatory's extensive double-star pro-
gram. I had seen dual images blended together in
all possible circumstances by all combinations of
image distortions. My mind was now attuned to
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two celestial bodies disguised as one. Now I could
think: Pluto has a moon.

In our plate collection, I found elongations of
Pluto's images on three nights in the spring of 1978,
on five nights in one week during 1970, and on two
nights in 1965. The 1965 plate envelope had been
clearly marked by the observer, “Pluto image
elongated.” 1 myself had seen that plate many
times, but I had rejected the implication. Each of
these nine nights revealed an elongation in a
specific direction.

From ten apparently insignificant image distor-
tions and two days of study came a cascade of
revelations:

1. In the 1978 exposures, one night showed
an elongation to the south; another, about
a month later, to the north. Hypothesis:
Pluto had a moon orbiting north-south.
Strange—almost all other moons in the
solar system move in an east-west plane.
But no proof of a new moon yet.

2. In the 1970 exposures, five elongations in
one week and the elongations progressed
completely around Pluto. Conclusion:
Pluto has a moon with a probable orbital
period of six days.

3. But astronomers had previously deter-
mined a light variation of Pluto (presum-
ably its rotation period) of precisely 6.3867
days. Hypothesis: The orbital period of the
moon is exactly 6.3867 days.

4. Eureka! The two 1965 elongations, the five
1970 elongations, and the three 1978
elongations are at angles in exact agree-
ment with the 6.3867 day period, accord-
ing to calculations by Bob Harrington.
How can we get so much from such trivial
elongations? But the avalanche of conclu-
sions continues.

5. The orbit is north-south with Charon on-
ly six Pluto diameters’ distance from the
planet. Harrington concludes that both
bodies are tidally locked. This is also evi-

A discoverer of Pluto's satellite, it fell to Christy to suggest a name.

ted to honor his wife Charlene—"Char” to her family. So he pro-
the name Charon, the boatman in Greek mythology who ferries
" 1s of the dead across the River Styx to Pluto's realm in Hades.®
aame was ideal: Charon as a sentinel for Pluto. It fit well with the
of Pluto and the tradition of naming planets and moons after Roman
reek mythological figures. y
the name Charon accidentally led to a problem with pronuncia-
Christy had anticipated that Charon would be pronounced like
in Charlene. But the standard Greek and Latin pronunciation
on is the same as the name Karen.!

dent from the coincid
curve and the orbital pes
pole of rotation is on its s
of the solar system. More
6. Harrington calculates the
Charon from the orbital
distance. He gets less th n o
Earth's mass. Therefore, [
have have caused perturb
bits of Neptune and Ura
7. Because a cold planet's
too low, the small mass

Charon's brightness is ab
Pluto's. Conclusion: Cha
more than a third of Pluto
largest moon in the solar
to its planet and the
covered since 1846.
8. During the time betwe
1978 elongations, Pluto's
around the Sun should cha
Charon's orbital plane. The
elongations were exten
west than those in 1978.
bital solution by Bob
that Charon's orbit was app
on at the time of Pluto's
and has been closing to t
since then. Conclusion: Ee
Charon will commence soo
this can occur only once

discovery that Pluto had a moon was not just fodder for trivia games
an excuse to revise textbooks. The existence of a satellite for Pluto
s increased what could be known about Pluto from Earth-based
ations.

begin with, a satellite held in orbit by Plutd’s gravity meant that
ntists for the first time could calculate with some confidence the mass
e Pluto-Charon system.!! Charon lay at a distance of 12,400 miles
80 kilometers| from Pluto and circled with a period of 6.39 days.
n these figures, the mass of Pluto could be reasonably estimated. It
d take about 450 Plutos to equal the mass of the Earth. Even our
n is five and a half times more massive than Pluto.

Compared to Pluto, Charon was surprisingly large. Previously, the Earth
e honors for having the largest satellite in proportion to its size,
Moon was more than one-quarter the diameter of Earth and one-
y-first its mass. No other planet-satellite pair came close to such
ity in size. Earthlings talked proudly of their unique twin-planet
em—until Charon's discovery. With an estimated diameter of 777
5 (1,250 kilometers) compared to Pluto's 1,457 miles (2,345 kilo-
15}, Charon is more than half the diameter of Pluto and probably
about 15 percent its mass.

owell and Pickering had embarked upon their searches for a trans-
tunian planet because they thought they had detected its perturba-
in the motion of Uranus. They had used those irregularities (Picker-
sed what he thought were Neptune perturbations also) to predict
existence of a ninth planet. Driven by this work, Pluto was found,
its small size worried astronomers that its gravity was too weak to
e detectable perturbations in the motion of Uranus or Neptune. Yet

Thus within a week of Charon'
were roughly a dozen major con
concerning the true nature of Pl
conclusions have been verified
years.

What had been a prolonged m:
ly and totally unveiled by ten 1
distortions. By amazing coin
elongations were ideally placed
tific logic to yield correct conclu

Significance
of a Moon
for Pluto
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almost no one had anticipated that Pluto had so little mass th
from 3 billion miles (5 billion kilometers) away would
gravitational force on Neptune than did Pluto, even if Ply
tune could be where their orbits lie closest together. Wheth
oddities in the motion of Uranus and Neptune were real
rors of measurement, it was now absolutely certain that Pj
possibly be responsible. Its gravity was far too weak.

But Charon did far more than reveal the mass of Pluto.
was found, no one knew how Pluto's axis was tipped to its p
tion.”? Did Pluto “stand"” nearly vertically on its axis a;
around the Sun like seven of the planets, or did it lie on
Uranus? Charon, the bulge in the fuzzy image of Pluto, a )
nately to the north and then to the south. If Charon was o
to the plane of Pluto’s equator as almost all moons in th
do, that meant that Pluto must have its equator tipped 2
as seen from Earth. For Charon to revolve precisely once
in the same period as Pluto spins once on its axis indicated
must be positioned over Pluto's equator. So Pluto's rotatio;
to lie near the plane of its orbit. Pluto, like Uranus, lies on’
orbits the Sun.

The orientation of Charon's orbit also led to a likely explan
Pluto was not brightening as fast as expected as it approz
The closer it is to the Sun, the more light Pluto receives
its angular disk is to reflect sunlight. Pluto should have
siderably between 1950 and 1987. It did brighten, but ab
less than expected.

When Charon was discovered, its motion around Pluto
Pluto was tipped on its side as it revolved around the Sun.
perspective on Charon's orbit at the time of its discovery in
that when the ninth planet was discovered in 1930, Tombaug
been viewing the region around Pluto's south pole.'*

In the late 1980s, with the gradual change of seasons, P
is facing the Sun and Earth. The failure of Pluto to brightes
expected is thought to be due primarily to this change
If the poles of Pluto are covered with ice and highly ref
the equator is much darker (perhaps in part because itis e
vertical sunlight as Pluto comes closest to the Sun and has su
vaporization of ices to expose regions of dark surface m
shift from viewing a bright polar ice cap to a less reflective
explain why Pluto is dimmer than expected.

The orientation of Charon's orbit also alerted astrono

ortunity that was about to open whereby Pluto and Charon would
details on their surfaces. It was a priceless accident of timing. Pluto
small and distant from Earth that, even when it is closest to the Sun,
scarcely more than 0.1 arc second across, the size of a baseball seen
, 100 miles (160 kilometers) away—too small for its disk to be
-d directly from the surface of the Earth through the turbulence
atmosphere. And Charon is smaller still. How is it possible to chart
detail at all on two worlds when their disks are not discernible?

opportunity lay in a series of eclipses. When Charon was discovered
1978, the south pole of Pluto was pointed forward in its direction of
o] and a little bit sunward, just enough so that Charon circled Pluto
hout passing across the surface of Pluto or passing behind Pluto as
2 from Earth. But Pluto's poles were pointed toward specific points
the star field. So, as Pluto slowly revolved around the Sun, observers
Earth would look directly first at one pole of Pluto, then its equator,
1 the other pole, then its equator again—over a period of 248 years.
orientation of Pluto and the orbit of Charon indicated that within
ew years Pluto would arrive at a position in its orbit where, as seen
n Earth, the orbit of Charon would be nearly edge on to Earth and
ron would be transiting across the face of Pluto and then vanishing
ind Pluto in the course of its 6.39-day orbital journey. Those eclipses,
ched for by astronomers since 1979, were finally detected in 1985.
e results were immediate and dramatic.

Charon

B
[l

1994 1990 1988 1985 1982 1978

Eclipses Central Eclipses Charon
end eclipses begin discovered

Shadow Dance

Eclipse season for Pluto
and Charon. As Pluto
moves around the Sun,
we see Charon’s orbit
around Pluto from
gradually changing
angles. Twice in every
248-year revolution of
Pluto, the orbit of
Charon is edge on to
Earth. During this
5-year period, Pluto and
Charon take turns
eclipsing one another.
In the course of each
6.4-day revolution of
Charon around Pluto,
first Charon passes in
front of Pluto, blocking
part of it from view,
then Charon moves
behind Fluto and is oc-
culted. Because of the
information about Pluto
and Charon that these
eclipses provide, it is
very fortunate that
Charon was discovered
in 1978 rather than in
1990.
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Astronomers carefully measured the amount of light con
Pluto-Charon system. The two are brightest when they are.
to the line of sight—neither blocking the light of nor castig
on the other. When Charon is in transit across the face of p
bined light of the planet-moon system declines by about 40 p
0.55 magnitude) as Charon blocks part of the reflective surf
from view. As Charon emerges from transit, the brightne
Charon is again at a maximum. Then Charon ducks be
the brightness declines again, but only by about 20 percent.
magnitude).

The occultation of Charon by Pluto does not subtract from
as much reflected light as when Charon stands in front of Pluto ay
a portion from view. Thus Charon must be darker and less re
Pluto. Pluto reflects perhaps 46 percent of the light it recej
Sun; Charon only about 34 percent.

But the gleanings from Pluto-Charon eclipses are far gr
approximation of comparative reflectivity. Previously, no
the surface of Pluto could be resolved by telescope. The ¢
on Pluto known to exist were the undefined surface odi
Pluto’s brightness to vary over its rotation cycle of 6.39

In 1984, Marc W. Buie and Robert Marcialis, working
developed computer models of surface features on Pluto th
approximate the fluctuations in the planet's 6.39-day li
ing the discoveries of methane ice on Pluto and the di
Pluto's equator was oriented more and more toward Ea
tists envisioned Pluto with extensive polar caps and a dark
belt. Both also hypothesized that Pluto had two large equa
Marcialis used two dark spots in his model; Buie used of
dark spot and a smaller bright spot. Which, if either,

In the series of eclipses between Charon and Pluto,
Charon across the face of Pluto blocked different terrain fron
the eclipse season began in 1985, our line of sight caused usf
moving across the north polar region of Pluto. In 1988, mid
the eclipse season, Charon was transiting along Pluto's
eclipse season ends in 1990, our view will show Charon ci
Pluto’s south polar region. In the course of the eclipse cycle,
have systematically blocked from view the entire Cl
hemisphere of Pluto. Gradually emerging as the eclipses
rough map of Pluto’s surface in terms of light and dark feat
the gradations in tone favor the Buie two-spot model.

The smaller of the two spots in Buie's model—perhaps 2
kilometers) in diameter—is as reflective as the polar caps.

Pluto is so tiny and dis-
tant that telescopes on
Earth cannot dis-
tinguish its disk; thus
no surface features may
be discerned on it. But
based on light varia-
tions as Pluto spins on
its axis in 6.4 days and
as it revolves around
the Sun, Marc W. Buie
created a computer
model of the surface of
Pluto that shows bright
polar ice caps, a darker
equatorial belt, and two
equatorial spots: one
bright and the other
very large and dark.
Here Buie shows the
rotation of Pluto bring-
ing the light and dark
spots into view. Pluto
lies on its side as it
revolves around the
Sun. Its south pole is to
the left. The
hemisphere of Pluto
with no spots is the one
that always faces
toward Charon. The pre-
sent series of eclipses
between Pluto and
Charon should deter-
mine whether Buie's
model is correct.
Courtesy of Marc W. Buie,
UH/SDSC

the spots is quite dark and has a width of 500 miles (800 kilometers),
- more than a third the diameter of Pluto. The bright polar caps and
&quatorial bright spot are interpreted as methane ice. The less reflec-

Using his computer
model of Fluto, Marc W.
Buie illustrates the
March 19, 1987, transit
of Charon across the
face of Pluto. Pluto's
south pole is to the
left. Notice how large
Charon is compared to
Pluto and that Charon
is darker in color. The
amount by which the
transit of Charon and
its shadow reduce the
light from Pluto tells
astronomers how light
or dark the eclipsed
surface of Pluto is and
allows a rough map to
be drawn. The transit
event shown here re-
quired approximately
four hours.

Courtesy of Marc W. Buie,
UH/SDSC
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tive equatorial band may be a region partially covered with m
with some exposed dark surface. The large dark equator;
be nearly ice-free terrain where the dark pitted surface of
visible,* '

i ith Pluto near perihelion, temperatures on the planet are near a max-
‘:,,where the Sun is highest in the sky, which just happens to be at
: tor. The temperatures are not exactly balmy—about 370° below
-_ Fahrenheit (—223° Celsius).
We have chosen to land at the equator because there is less frozen
\ane here, so that the surface of Pluto lies exposed. It is a sharp con-
If a spacecraft from Earth (call it Orpheus) one day plunges intg ¢ e to the bright white polar caps. The equatorial region is, on the whole,
of Pluto, what will its instruments—or its passengers—se o to three times less reflective, with tones varying over large and small
Here is some speculation. % Our overall impression of color is neutral medium gray, much
We have landed at the equator. The Sun shines brillian ter than the charcoal gray soil on Earth's Moon, but far off white.
ing every star in the sky. But at Pluto we notice a differe; we look harder, some, maybe much, of Pluto's gray surface seems
is dim—like the dark overcast of a thunderstorm on Ea bejust a tinge reddish brown, suggesting that the soil contains signifi-
so distant that it is no longer a golden orb but now just a d at quantities of carbon and carbon compounds.
star in the heavens. For the first time, at the distance of isceﬂainly a battered world. Craters and debris are everywhere.
Pluto, we can see the Sun for what it is—a star.!s We ing from orbit should tell us whether the planet is saturated with
that the Sun is scarcely more than a point of light. Yet and has changed little over the 4.6 billion years since the solar
are still so distant that the Sun outshines the brightest of t m began or whether it has erased some or many of its scars by sur-
tor of 10 million. After all, if we were on our way from tk e upheavals due to internal processes rather than passively enduring
nearest star, reaching Pluto would be like a runner com dy pounding from passing comets. If Pluto is little changed since
15 feet (4.7 meters) of a marathon. The comparison be » formation of the solar system, it could tell us much about the cloud
stars can be made directly because the stars can be s gas and dust from which the Sun and planets formed.
the same time as the Sun. Pluto's atmosphere is so thin that Craters of all sizes dominate the landscape. The rubble littering the
no scattered light to obscure the stars. E rren ground everywhere is debris from eons of impacts. The horizon
Here, with Pluto as close to the Sun as it can get, the S hilly and uneven, with a suggestion of a couple of small flat-topped
times fainter than it appears on Earth. Still, the Sun shines 4¢ ountains projecting over the horizon—probably the rims of large craters.
brightly on Pluto than the full Moon shines on Earth.!s A be that our landing site is within an ancient large crater—it is hard
book in the sunlight on Pluto. But we must be careful not tell. How well named Pluto is. The desolate frozen landscape, the dim
on the page. The atmosphere on Pluto is so minimal tha d eerie light—it is not hard to imagine that the god Pluto lives here.
few gas molecules and too little dust to scatter the sur - As we begin to walk about, we feel very light on our feet, and with
shadows from being absolutely black. What the sunlight each step we take, we bounce high above the ground. We have seen
see. What is in shadow disappears, unless Charon is vis eotapes of the Apollo astronauts bounding across the Moon in one-
enough phase to provide shadow-illuminating light. Con h Earth gravity. Pluto's surface gravity is even weaker: less than one-
are very stark, like the Apollo astronauts found on the rd of our Moon's and only 5 percent what we experience on Earth.
visitors to Pluto: Don't step into shadows. It would be Here on Pluto, a 160-pound (73-kilogram) man weighs 8 pounds (3.6
a crater we could not see. lograms). On Earth, from a standing start, we could jump about a foot
On our approach for landing on Pluto, we saw both of | meter] into the air. With a flexible lightweight spacesuit on Pluto,
caps, extending well toward the equator. Infrared measure ‘We could jump about 20 times as high. Garage jumping could become
Earth indicated that Pluto was partially covered by frozenn popular sport.
much of that methane ice now lies at the poles, where th - We will have to be careful not to venture too far from our lander without
now falling most obliquely and warming the highly volatile ahoming device. Distance is hard to judge on a world where there are
well. It was not possible to tell during our approach whe 10 familiar objects like houses to give a sense of scale and no haze to
methane was a deep ice field or a thin coating of meth the horizon look distant. Besides, on a small world like Pluto, the
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horizon not only looks sharp and nearby, it is truly y
wander just 2.5 miles (4 kilometers) from our spacecr
standing on the ground there would lose sight of us be
One of our crucial experiments here will be to drill a hole iy
pull out a core sample to see what lies below the surface, T ur
of water elsewhere in the outer solar system, including h ]
modest density of Pluto point to water being a major ¢o
planet, although its presence on Pluto has not yet been cor
the spectrum of methane overwhelms the spectral bands
frozen water lie trapped below the surface? Perhaps m
upon which we are standing is water ice mixed with f]
and other compounds, which gives it a darker cast.
Over there—and, yes, elsewhere, now that we look cla
frosty patches. We bounce over for a closer look. (It's hard
ing.) It is a thin layer of methane frost in beautiful
sublimation of methane from ice to gas provides Pluto with
atmosphere. Some of the methane vaporizing here will dri
poles and freeze on the ground there until the changin
summer fo the north pole in 2051. But by then, Pluto

rs pocked by other craters. We are surrounded by desola-
. ax;fa?;O is SEOC nnmﬂlbge that it quickly stretches out of sight beyond
W n in front of us and to our sides. It must be primarily this dark
that created the light variations from Pluto that .ﬁrst_al.lo“ted the
of its day to be measured at 6.4 Earth days. But if this basin was
.~ od by impact, how could Pluto have survived the shgck_? At the very
.+ the impact would have caused such upheavals within Pluto that

.r would have been erased. )
tever surface features may correspond to the small bnght spot and
- dark spot in Buie's model, they are located on the side of Pluto
L facing away from Charon. We return to the side crf Pluto wl'fere
on can always and only be seen—a hemisphere with only slight

frasts.

k up at Charon in the sky, 20 times closer to Pluto than our Moon
Earth. It is an impressive sight. Charon may rank twelfth in size

X ! ong moons in the solar system, but it is so close to Pluto—only 11,650
ther from the Sun and less methane will sublimate. Pluto's 18 800 kilometers) above Pluto's equator—that it appears larger
covereq with methane ice throughout the planet's : c;ther moon appears from the surface of its planet. Charon covers
revolution. 4 degrees in Pluto's sky—eight times as wide as our Moon ap-

On our descent for landing, flying along Pluto's eq i s from Earth. On our planet, you can hold a pea out at arm's length
our continuing speculation| a large white feature, perhaj _ completely eclipse our Moon. On Pluto, to block Charon from view,
kilometers) across. It looked like a refugee from the pola ; would need a billiard ball.
we knew to watch for it. It was predicted by Buie's two was no surprise that Charon rotates in the same period of time as
Pluto, based on light variations as the planet rotates. ! volves so that it always presents the same hemisphere to Pluto, All
cular shape of this intensely white spot suggests an im the inner satellites and all the major satellites in the solar system have
it filled with ice welling up from below, like that bright hronous rotation and revolution because they are tidally coupled
Umbriel? Is it a young feature that has not yet had time: eir planets. A planet's gravity creates a slight tidal bulge in its moons
exposure to sunlight and fast-traveling subatomic parti :pu!]s on that bulge so that the moons cannot turn it away from the
and stars? Why it should be so different fTOm the sur i .- . One side of the satellite always faces the Planet and the other
is not obvious. always faces away while the planet rotates rapidly, so that the moon

We hope to explore that equatorial bright spot later, and sets for all parts of the planet.
deliberately landed near an even larger feature and are m ut Pluto furnished a surprise. Pluto and Charon are so close to twins
there now. On light/dark maps of Pluto it appeared as an and so close together that Charon's gravity induces a bulge in Pluto.
spot perhaps 500 miles (800 kilometers) across—more bulge is great enough that Pluto is tidally coupled to Charon just
diameter of Pluto. on is tidally coupled to Pluto. Thus, Pluto always shows the same

Computer models of Pluto's surface used circular spots to Charon just as Charon always shows the same face to Pluto. It
to approximate the sizes and positions of features that ¢ Sthe only example of mutual tidal coupling in the solar system.!® The
planet with the light variations it shows. Does an actual It is that for an astronaut standing on Pluto, Charon is either always
where the model shows a huge dark circular spot? A giant ble or never visible. If it is visible from that location, Charon never
has this shape. Imagine it, stretched out before us: an en Sor sets and always stands at the same place above the horizon. If

Moonlight
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NO TIDAL COUPLING (Not to scale)
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SATELLITE TIDALLY COUPLED: EARTH/MOON SYSTEM
(Moon shows only one side to Earth)
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PLANET AND SATELLITE BOTH TIDALLY COUPLED: PLUTO/CHARON SYSTEM
(Both bodies show only one side to each other)
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pe. The shadows we see on Charon reveal an uneven, cratered
W pe. Like Pluto, Charon is light gray, although somewhat darker
: more even in color than Pluto, as was known from measurements
m Earth using the Pluto-Charon eclipses. The very slightly red-
prown hue of Pluto is missing from Charon—or at least from Charon's
facing side, that is the only side we get to see from the surface of
o, Missing too from Charon is the methane frost which partially covers
. With Charon's smaller mass and therefore weaker gravity, whatever
methane ice there was at the surface has evaporated.’® Perhaps this in
explains why Charon is less reflective. The escaping methane has

d frozen water to view.
Earth, we are used to the rising and setting of the Sun, Moon, and
.rs as our planet turns. On Pluto, the Sun rises and sets, if somewhat
yly, but Charon stays fixed in the sky.® It never rises or sets, thanks
dal coupling. As Charon revolves once around Pluto in 6.4 days, Pluto
nce around on its axis in that same period of time. The result is
Charon hangs almost stationary in the sky while the Sun and stars
- slowly past in the background. Because Charon is so large in the
stars are frequently blocked from view. These stellar occultations
re the only eclipses visible during the 120-year gap between seasons

+f solar and lunar eclipses.

gmm the vantage point of Earth, Pluto and Charon pass in front of
nd behind one another very rarely. The Earth experiences solar and lunar
ses at least four times and sometimes as many as seven times a year.
se of Pluto's axial tilt and Charon's position over Pluto’s equator,

2

another. Then, in a period roughly six years long, Charon's orbit is
edge on to Earth and every 6.39-day orbit Charon makes carries
oss the face of Pluto and then around behind Pluto. The result is

Charon was discovered and while Pluto and Charon were near
lion (hence easiest to study). The eclipse season will continue in-
October 1990. After 1990 there will be no more occultations or tran-
of the pair until about 2109, and then Pluto will be its farthest from
e Sun and its least accommodating for study from Earth.
For an astronaut on Pluto in 1988, at the peak of the present eclipse
on, a solar eclipse is a stirring sight. The Sun is by far the brightest
in the sky, but in apparent size, it seems to be no more than a
like dot. The rotation of Pluto carries this dazzling point of light closer
and closer to the huge disk of Charon until it disappears—dimming out
‘@ Charon's limb in a little less than 30 seconds.?* With the Sun passing
ind the widest part of Charon's disk, the total phase of this solar eclipse

B4

Charon is not visible from the astronaut's landing site, it

and the astronaut will have to make a pilgrimage to the

Pluto to enjoy moonlight. d
We have deliberately landed on the hemisphere of Pluto

is always seen. Charon far outshines all other bodies in |

the Sun. And it is close enough to show surface features
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would last 1 hour 37 minutes. {The total phase of solar
last a maximum of 7 minutes.)

During an eclipse of the Sun on Pluto, Charon would|
dark hole in the sky, marked only by the absence of sta
dark but not black because it would be illuminated by ref
Pluto. The corona—the outer atmosphere of the Sun, whi
eclipses seen from Earth so beautiful—would be visible
the Sun vanished and just before it reappeared. At mid-e
of Charon covers the entire orbit of the Earth. The coronz
at that distance from the Sun to peer around the edges

g direction—the largest satellite with retrograde motion and the only
‘te with that orbital anomaly that lies close to a planet.
1056, Gerard P. Kuiper agreed that Pluto had come from the Nep-
1- Y;tgm escaping as the planets completed their formation. But
- 2 w no need for a near collision with Triton to eject Pluto. In-
s:hought that Pluto had aband{?ned Neptune “.rhen the Sun began
e, The Sun's radiation and particles had, he said, swept away the
at Neptune, reducing the planet's mass by alfactor of 40. Nep-
then had too little mass to retain Pluto by grav:t)‘r.z‘ )
-y astronomers, however, were uncomfortable with the idea that
; h,;d come from the Neptune system. They pointed out tl.1at wh.en
5 crosses the path of Neptune, it is always 8.9 astfono.mlcal units
_h of Neptune's orbit on its way inbound to pen_hehon and 6.1
S mical units north of Neptune's orbit outbound. At its closest, Pluto
as close to Neptune's orbit as the Earth is to Jupiter when they
on opposite sides of the Sun. The orbits of Neptune and Plut_o never
like a road at a railway crossing. Instead the passage is more
abridge high above the railroad track. When it moved temporarily
 the orbit of Neptune in 1979, Pluto passed far above the Path of
sptune, and Neptune was nowhere near that point in i.ts orbit.
1f Pluto crosses above Neptune's orbit at a minimum d:stan?e of 6.1
stronomical units, it would seem that every once in a long wl:ule Pll’ltO
Neptune must come as close to one anotheras 6.1 astronormca% units.
according to careful mathematical analysis and computer simula-
Pluto and Neptune can never get closer to one another than 16.7
omical units—almost the distance from the Earth to Uranus._25
Picture Pluto's orbit as a moderately elongated ellipse made of stiff wire.
y, a planet revolves around its orbit like a bead strung on the
2 while the entire orbit—the stiff wire—very slowly rotates (precesses)
a very fat hour hand on a clock. .
e reason that Neptune and Pluto never come close together is that
the size of the gravitational forces that Neptune, Uranus, Saturn, and
piter exert on Pluto and the timing of those forces do not allow Pluto:s
to precess but only to oscillate within a very narrow range. Tl?Js
ement appears to be permanent, so Pluto's and Neptune's orbits
never and have never come close to actually intersecting so that a
ision or close encounter would be possible. Further, the rhythmic
ravitational effects of the outer planets slightly adjust the size anld shape
of Pluto's orbit, and thus its period of revolution, so that Neptune is never
by when Pluto crosses over Neptune's orbit.
Curiously, Neptune and Pluto are closest to one another wl.'len Pluto
iSnear aphelion—about as far beyond the orbit of Neptune as it can get.

How could this strange double-planet system have de el
of the planets in our solar system lie in a plane that is S
so flat that if it were shrunk to a size you could hold i
solar system out through Neptune would be about the s
of a Time magazine. But Pluto violates that analogy.
Of all the planets, the inclination (17.2 degrees) and t}
(0.25) of Pluto's orbit is the greatest. Its orbit is so ellip
sails out to a distance of 49.3 astronomical units—almost 4
(7.4 billion kilometers| from the Sun. Since its last aphelit
year after the conclusion of the Civil War, the elliptical
has been carrying it ever closer to the Sun. On January 2
passed inside the orbit of Neptune—the only planet that cr
of another. Pluto will spend 20 years closer to the Sun thas
will not resume its usual distinction as the outermost pla
14, 1999. When Voyager 2 reaches Neptune on August 24,
literally be visiting the farthermost planet from the Sun.
The modest size of Pluto that was emerging after its
excursion within the orbit of Neptune suggested to so
that Pluto's ancestry could be traced back to Neptune.
In 1934, Issei Yamamoto of Japan proposed in a lecture th
an escaped moon of Neptune. Yamamoto suggested
close to Neptune, causing Neptune to fall to an orbit 0S
The encounter also forced Triton into a retrograde orbit
out onto a planetary orbit centered on Neptune's original
the Sun (in agreement with Bode's Law for an eighth pl
In 1936, Raymond A. Lyttleton of England attempted to
curious orbit by suggesting that Pluto had originally been
tune but that a near collision between Triton and Pluto had
accelerated Pluto out of the Neptunian system and had radic
the course of Triton so that it now moved around Ne pt
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Pluto can actually come closer to Uranus (10.6 astrono: m

it can to Neptune.

Recently, astronomers have used supercomputers to cz
of Pluto and Neptune hundreds of millions of years b
past and forward into the future, trying to take into ac
tional perturbations they caused in each other's orbit
tions that the other giant planets caused in theirs. These
found no incident where Neptune or Pluto were pre

one another.?

The discovery of Charon greatly changed the persp
origins, just as it changed many perceptions of Pluto.
of Charon showed that Pluto was even smaller than pre
There was no way that Pluto, as a moon of Neptune, could
Triton's orbital direction. With such a low mass, if Pluto, ;
Neptune, had ever received an acceleration from a close ¢

er, Pluto would have been ejected from the solar system, not just
tuniaﬂ family. i
gravitational interaction within the Neptune system between
_ and Pluto would not have been powerful enough to have caused
pecuhar orbits of Neptune's satellites, Robert S. Harrington and
C. Van Flandern in 1979 proposed a different source of energy.
ested that Triton, Pluto, and Charon were indeed once moons
stune but that their orbits had been disrupted by an outside
_der—an undiscovered tenth planet with two to five times the mass
.rth. Pluto and Charon were ejected from the Neptune system close
B oh together to be gravitationally bound.
' most astronomers now believe that Pluto and Triton are pla-
als left over from the beginning of our solar system. Other
imals that reached their size merged together to form still-larger
s such as Uranus and Neptune. Pluto (with its satellite Charon) was

IS PLUTO A PLANET?

As information about Pluto has increased, the size
attributed to Pluto has decreased. It is certainly the
smallest planet, far smaller than Mercury. It is con-
siderably smaller in size and mass than our Moon.
At the same time, Pluto has shrunk in the estima-
tion of some astronomers to the point that they are
calling for the expulsion of Pluto from the ranks of
planethood and its demotion to the category of
asteroid.

How does Pluto fit in with the minor planets?
Lousy. First of all, it's too large. It is more than twice
the diameter of the largest asteroid, Ceres. Even
Charon, Pluto's moon, is larger than Ceres, In fact,
Pluto has about three times more mass than all the
asteroids in the solar system put together.

Second, Pluto is in the wrong place to be an
asteroid. The vast majority of minor planets orbit
the Sun between Mars and Jupiter. The only known
minor planet beyond Jupiter that doesn't return to
this asteroid belt for part of its orbit is Chiron,
whose circuit carries it from just inside the orbit
of Saturn to just inside the orbit of Uranus. It never
gets within a billion miles (1.6 billion kilometers)
of Pluto. Chiron's mean distance from the Sun (13.7

astronomical units) places it closer
belt than to Pluto.

Neptune and if Pluto is fairly
composition of those minor p
make sense to recategorize Pluto
asteroid. But Clyde Tombaugh an
Charles Kowal diligently searched th
Pluto-sized objects beyond Nep!
none, and it is most likely that obj
to that size do not exist or at least

other ways as well. Its much g

nate Pluto an asteroid or a comet is to ensure that
it will virtually drop from treatment in classrooms
and schoolbooks, and a new generation of children
will grow up thinking of Pluto as a "mistake,” if
they have any awareness of Pluto at all.

And then think how easy it will be to convince
any Congress that NASA deserves funds to send a
spacecraft to an extremely distant asteroid.

No. Pluto is a planet—by orbit and by size. It is
best understood—and taught in astronomy
courses—as a probable example of a large outer
solar system planetesimal, the kind of object
formed from cometlike bodies in the outer
planetary realm at the beginning of our solar

1o 15 kilometers) across. Pluto is about 1,457
¢s (2,345 kilometers) in diameter.
Pluto is also somewhat too dense. Comets are
ssnowballs with a density close to that of water.
to's density is twice as great, indicating that it
70 percent rock and 30 percent ice. Its den-
is similar to Triton's and Neptune's and in-
iermediate between those of comets and asteroids.
Pluto—as well as Uranus, Neptune, and their icy
satellites—probably originated from the accretion
ts, just as Earth and the other rocky midget
 planets near the Sun probably formed from rocky
Pluto is different from the kno : etesimals of which the asteroid belt is the least
d remnant. But no one considers the Earth an

If a second asteroid belt is d

it to retain a moon and a tenuous
Pluto just doesn't qualify as an as
little or nothing about the st
system by approaching Pluto as a
How then does Pluto fare asa
still poor. Pluto's distance from the Su

id even though its progenitors were asteroid-
2. So, likewise, it would be unhelpful to classify

from planethood. There is no asteroid belt

system. Most of these planetesimals merged with
others to mold the comet conglomerates we now
call Uranus, Neptune, and their moons.

But there may be a pair of planetesimals that did
not coalesce further. Pluto and Charon have poten-
tial value to science not as representatives of a class

too far inward from the possible in
Oort Cloud of comets. Pluto’s comp
ellipticity and inclination of its orbit
cometlike. But again, Pluto is far

nucleus of a typical comet is per

own beyond Neptune for which Pluto can serve
charter member. Even if Pluto is an overgrown
et, it is far too large to be representative of that
ies. Therefore, to designate Pluto as an asteroid
0f comet is to make it an orphan—too different
mits brethren for useful comparison. To desig-

of asteroids or comets but as large, nearly pristine
planetesimals—the objects from which gas giant
planets and their moons are made.

——
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Internal structure of
Fluto as proposed by
William B. McKinnon
and Steve Mueller.

locked by the gravity of the outer planets in a resonant
tected it from collision with and accretion into a larger
B. McKinnon has suggested that Triton survived until p|
was nearly complete but then passed close by Neptune,
the gas and dust remaining around the planet, and was
tune's powerful gravitational field into a retrograde or
Such a capture would have caused intense heating ins
the interior and allowing the newly acquired satellite
If so, the surface of Triton should still attest to its stress
tures and measurements from Voyager 2 at Triton may i

it was indeed captured by Neptune.?”

Although Pluto never experienced the stresses impose
Neptune, its interior too has probably undergone major
accretion. The presence of low-density methane ice eve
surface of Pluto and yet the substantial density of the p
that of water, suggests to McKinnon and Steve Mueller
terior must have melted and separated into layers.

Pluto's density indicates that it is composed of much more re

CRUST: Methane ice
(mixed with other ices?)

MANTLE:
Water ice (mostly)

CORE:
Rock and ice mixture

520-580 miles

728 miles
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quantity of rock is great enough so that the decay of radioactive
< soon after the planet formed must have caused Pluto's interior
tiate, with the denser rocky materials sinking toward the center
lighter ices floating toward the surface. With methane ice con-
toward the surface, slow vaporization could have kept Pluto
4 with a thin methane atmosphere since the solar system

-non and Mueller also suggest that Charon was once part of Pluto.
p[anetesimal wandering through the outer solar system smashed
original, larger Pluto. But the orbital velocities of objects so far
the Sun are not so great that the collision would have scattered the
is widely. Instead, the fragments of the original Pluto, continuing
it together, could have reaccreted but into two smaller bodies or-
ne another—Pluto and Charon.

perhaps the only remaining large planetesimals left in the outer solar
m, Triton and Pluto-Charon could be closely related. Since Pluto
n be gliding farther from the Sun again and since no spacecraft
sit it has yet been planned, it may be that Triton is our best clue
e nature of Pluto, unless Triton's capture by Neptune has changed
) greatly to provide useful comparisons.

ember 12, 1989, Pluto will celebrate perihelion, its closest ap-
h to the Sun, when it reaches a distance of 2.75 billion miles (4.4
n kilometers). Astronomers—professional and amateur—will join
ebration because Pluto at perihelion is seven times brighter than
helion. When it is farthest from the Sun, Pluto sinks to magnitude
and a 22-inch (56-centimeter) telescope is about the minimum size
red to study the distant planet. At perihelion Pluto is expected to
‘a maximum magnitude of 13.6, so an 8-inch (20-centimeter) tele-
should just be able to discern it.2®

g 1999, Pluto will return to its role as the outermost planet,
y sliding back into the darkness of distance that helped to hide
m discovery and then from understanding for so many years. The
decade or two offers a rare window of opportunity to study what
28 out of its 248-year orbit is the most remote planet in our solar
there be a space probe to visit Pluto and Charon in the near future?
S has no plans, but the Soviet, European, Japanese, and Chinese space
s are expanding. Now is the time for a mission to Pluto, while
lanet is still about as close to the Sun as it ever gets. Send a spacecraft
Fluto soon and save 1 billion miles (1.6 billion kilometers) over the

A Mission
to Pluto?
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average distance from the Earth to Pluto. That's a 5avmgs
the distance between the Earth and Saturn.

A direct flight from the Earth to Pluto using a least-en
take 40 years. But by using Jupiter for a gravity assist, th
journey would be cut to 10 to 15 years, and far less eng
required. The next launch window for a Jupiter-assist
in the late 1980s—but no spacecraft has been built. The
will come in 12 years when Jupiter completes another
Sun and begins to overtake Pluto once more. Perhaps
orbiter and lander mission on its way to the outern
outsized moon in the year 2001.

s There a
fenth Planet?

finding of Pluto was an important discovery, but
ﬁwu did not find out there is even more important.”
 er Gerard P. Kuiper to Clyde Tombaugh

on as Tombaugh had discovered Pluto and reconfirmed it with new
graphs, he resumed his systematic photographic survey in Cancer
eo where he had left off. This self-assigned use of time was prob-
agood release of nervous energy because almost four weeks would
between the moment he delightedly called across the hall to
nd and the actual announcement of a ninth planet. However, said
ugh, "I suspended blinking, thinking the search was over—so I
sht. I was getting tired of the tedious blinking anyway."

er ten weeks of excitement, the pressure for information from other
tories and from journalists had subsided. One day in late May
Vesto Slipher went to Tombaugh and made a request: "I would
ou to resume searching. There might be more planets out there like
), Start where you left off in February.” Tombaugh was pleased: “The
‘now had complete confidence in my work. I had examined two
nillion stars. To cover the wider area, I had at least twenty million stars
." That number proved to be an underestimate. .
2 steadily expanded his search north and south of the ecliptic to take
I the sky visible from Flagstaff. He kept a special eye out for the se-
planets that William H. Pickering had predicted. "As I was to learn
‘the next thirteen years in the resumed search,” wrote Tombaugh,
one of his other planets existed."”

mbaugh worked on resolutely: “After the experience with greed in-
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. to wasn't massive enough to have caused the irregularities in
e of Uranus and (according to William H. Pickering) the mo-
' tune as well, what was causing those discrepancies? Had
x been missed?

oradually became apparent that Pluto was too small to be the
'.s;:edjctions for the existence of a tenth planet began to appear
Tidi y, most based on new analyses of the orbital discrepancies.?
“_ of the scientists who think there is evidence that points tloward
_plutonian planet and who have been most active recently.m pur-
Planet 10 are Thomas C. Van Flandern and Robert S. Harrington,
P, Whitmire and John J. Matese, John D. Anderson, and Conley
Fach came to the conclusion that a tenth planet exists by a dif-
ute, but the planet each envisioned had much in common with

volved in the Pluto discovery, I could see that even in
a dog-eat-dog situation. After all the sacrifices made by |
ly and the staff, I was determined that if there were mq
found, they would be found at the Lowell Observa

By April of 1938, Tombaugh had photographed
telescope and examined with the blink microscope 35 g
July of 1943 he had photographed the entire sky visible
from Canopus to Polaris. But his tolerance for blinking w
ping. Once he could maintain concentration for five to
A few years after the discovery of Pluto, he had to
four hours. Now he could endure only two hours a
out,"” he said.

In July 1943, in the midst of World War II, Clyde To:
years old, was drafted to teach navigation for the Navy
that event, said Tombaugh, "“my planet searching en

His final tally of individual stars photographed and
45 million—90 million paired images. He had spent
blink microscope, the equivalent of doing nothing else fo
working day for three and a half years.

In his 14 years at the blink comparator, Tombaugh

1 new globular star cluster

5 new open star clusters

1 new supercluster of 1,800 galaxies
several new small clusters of galaxies
1 new comet

about 775 new asteroids

and

1 new planet

;mrk at the Almanac Office of the U.S. Naval Observatory kept Tom
dern close to peculiarities in planetary orbits. The outer plam?ts
1 uncooperative. The calculated orbits for Neptune would fit its
position and provide useful predictions for a few years, but by
end of ten years, the predicted positions were considerably in error.
lculated orbit for Uranus would fit for one whole revolution of the
but, maddeningly, would not fit the previous or a subsequent
tion. The orbits of some short-period comets also, he felt, showed
ects of perturbations that could not be explained by the gravi'ty
n planets or by the jet effect of ice on rotating comets vaporiz-
sothat it slightly alters the comets’ orbits. Van Flandern became con-
d about 1976 that the discrepancies in the motion of Uranus and
ne were real and not just errors of measurement.
then called the anomalies in the motions of Uranus, Neptune, and
comets to the attention of his Naval Observatory colleague Robert
rrington and suggested the idea of a tenth planet. Harrington was
south pole (not visible from Flagstaff) could have escap al at first, but the discovery o'f a moon for Pluto showed th?t the
A planet the size of Jupiter would have been detected at | of Pluto was far too small to disturb Uranus, Neptune, or distant
units (12 times Pluto's distance from the Sun). He cor i i ) d 4
a Nep{tune—size planet at 7 times the distance (l)f Nept a1 Fl“df?ff} and Harrington began their collaboration with 5:1 study
seen a planet the size of Pluto at 1.5 times Pluto's a e peculiarities in the Neptune system. The‘ newly calcula.te n;ass
the Sun. “Other planets like Pluto do not appear to uto had demolished Lyt.tleton's already senousl?' undf;rmmed idea
of 60 astronomical units,” Tombaugh concluded, luto was once a satellite of Ne_ptune along with Triton and that
Beyond 60 astronomical units, said Tombaugh, more itational encounter between Triton and _Plut? had reverst the or-

could exist, but their perturbations, like Pluto's, would :".m(ltion of Triton and hurled Pluto out mt.o its own orbit around
The only m to find them would be b e the Sun. Pluto didn't have the mass to turn Triton around.

i Sy ity R itati f Triton into retrograde revolu-
tional search of lengthy, tedious, and costly proport d the gravitational energy to force

Because of his careful and dogged years of search,
fident that no planet brighter than magnitude 16.5 ex
of coverage. Only a planet in an almost polar orbit and

197
The Quest
Goes On
Piecing
Scattered Clues
Together

Thomas C. Van
Flandern

Courtesy of Thomas C. Van
Flandern
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Robert 5. Harrington
Official U.S. Naval Obser-
vatory photograph
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tion have come from an outside source—the same s : and Van Flandern still agree that Planet 10 should be a ;r:rze n_‘
was disturbing the outer planets? Could that intruder haye ammonia, and water world somewhat like Uranus a:; Earetﬁ

They made computer simulations of planets of different bt of lower mass—perhaps two to five times thci-imass fi ohly

into the Neptunian system at different distances, speeds, “ . sofar unseen, Planet 15'.} {rlust be nearing aphfe ononits hlt;gody
their computations emerged a nominee—a planet with , .| orbit, so that it is near minimum bnghh:.less. Still, for an 1‘cyt' y
the mass of Earth in a highly inclined and elliptical o i this tenth planet should be about magnitude 13, Somtg:l.x ;mes
astronomical units from the Sun with an orbital perio : ﬂ than Pluto when it was f9md. Van Flandt?m s:_:ggests tal :}?:t
years.* In one brief visit long ago, the intruder had reyar. ; i ian planet could be dark in color, reflec.:tmg hgh‘t S0 poor. YPl :
of Triton, warped the orbit of Nereid, and cast the m be no brighter than 16th or 17th magnitude—fainter than Pluto
the Neptune family onto a planetary orbit of its own. " Jiscovery. : ; ;
suspected, was either an additional satellite of Neptune : 'gnr?s not driven on in his quest by utter co?hdem‘-e in the ir-
with Pluto so that they captured one another; or, alte; es in the motions of the outer planets. H? thinks they s real
tensity of the intruding planet's tidal strain had caused mits they are slight. Imagine, he says, Obsel"f_ms from Wash{ngton.
in two, with Charon as the smaller fragment. For Van F : and identifying a drunk coming out t?f a B_altxmore t_)ar by his stag-
a third alternative: Charon might be a former satellite o :I‘hat's the size of the alleged perturbatmns.m the motions of Uram_is
planet that was transferred to Pluto's control as Pluto and %N@me. It may be, he feels, that these discrepancies are errors in
sped away after the encounter. Wﬁmﬂg older observations to a common refel.'ence iframe‘ But he is

With their inclined, eccentric path, Harrington and Van _couraged to keep hunting by the computer simulation he and Van
Pluto and Charon hinted at their past by returning four performed, that found that a single planet of modes; mat;s pass-
nium to a position near the scene of the crime—the p ing only once through the Nﬁ_fl?t“l’ie system could account for the pre-
they were kidnapped and abandoned, the place of their b sent motions of Triton, Nereid, and Pluto. Sy )

The ideas of Van Flandern and Harrington then began to ¢ ~ And if he finds Planet 10, what will he name it? X Humphrey, l}? saf's-
Flandern continued to think that the marauding planet Thename was inspired by "Humphrey the Camel," a somewhat off-color
beyond Neptune at the beginning of the solar system. Harri song from the 1960s. But Humphrey isn't exactly a t'r'admonal Roman
that Planet 10 had formed between the orbits of Uranus an or Greek name. ""Well,” he says, "1 considered Zorba.” When searchm.gt

As to commencing a search for Planet 10, Van Flandern for a tenth planet, Harrington feels‘, commitment is necessary, but i
early. More data was needed, such as an improved dete doesn't pay to take yourself too seriously.s
mass of Neptune, which Voyager 2 should furnish. Also n J
more mathematical analysis to demonstrate that a tenth pl;
exist and where it could be found, ‘3

Harrington preferred to approach the problem of locating th
planet by brute force—supplying a computer with thousan
to crunch in order to find those orbits that might be possi
searching for Planet 10 in October 1979, using the Naval Ob
15-inch (38-centimeter) astrograph (a wide-field photograp
telescope) in Washington, D.C. In 1980, he continued, using
(61-centimeter| Curtis Schmidt Telescope at the Cerro
American Observatory in Chile. Additional searches were.
1981 and 1984 with the 15-inch telescope in Washington, D
in 1986 and 1987 with the 8-inch (20-centimeter| double
the U.S. Naval Observatory's Black Birch site in New
amined all the plates on a blink comparator and has, in
"nothing to show for my efforts.""

85 two more researchers postulated a tenth planet, b1.1t t]ElEY ap-
;ot::hed the issue from a different direction. Daniel F’.'Whltrm:e and
John J. Matese, at the University of Southwestern LOI.IISI.&II& had been

active in the controversy about the cause of mass extinctions on Earth,
| suchas the one about 65 million years ago that wiped out the dinosaurs.
‘In 1980, Luis W. Alvarez, Walter Alvarez, Frank Asaro, and Helen V.
Michel had proposed that the impact of an object from space had thmwn
‘somuch dust into the atmosphere that the Sun was blockec! from view.
ltwas black as night for months. In the dark and cold, plants died. Am.ma.ls
that depended on the plants died. Animals that depended on other ammals
died. More than half the species of plants and animals on Earth pe:nshed
atthat time. The Alvarezes, Asaro, and Michel felt that the assassin was
n asteroid perhaps 6 miles {10 kilometers) in diameter.® ;
But the extinction that claimed the dinosaurs and so much of life 65

The Killer
Planet
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John J. Matese (left)
and Daniel P. Whitmire
Courtesy of Daniel F.
Whitmire and John J.
Matese

put lethal hypothetical star Nemesis, "after the Greek goddess
, relentlessly persecutes the excessively rich, proud, and powerful.
" they added, "that if the companion is not found, this paper
. % \ W e worry: A
-y ¥ 1 L I m oll.r ﬂemeSls-
ore s, however, no consensus among paleontologists and geologists
.t the causes of mass extinctions and whether mass extinctions and
; -ring episodes occur at regular intervals. The controversy continues
Jively pace into the present.
Were mass extinctions caused by comet showers triggered by a com-
.+ star for our Sun? One of the early attacks on this hypothesis came
analyses of the stability of a companion star on such an elliptical
that carried it more than half the distance to the nearest star. It was
~ubtful that it could survive in such an orbit from the beginning of the
system because the Sun's gravity at that distance is very weak. Stars
clouds of interstellar gas and dust passing near the solar system would
disrupted the regularity of the twin star's period and, rather quickly,
d have torn it away from the Sun.
proposing a "death star' hypothesis, Whitmire had already recog-
d the problem of a companion star’s orbital stability. He and John
1, Matese sought an alternative: What if the culprit were a planet instead?
: of Sun 2 scattering comets with a plunge from the fringes into
he densest regions of the Oort Cloud, this Planet 10 would disrupt comet
by scratching the innermost portion of the Oort Cloud from in-
in particular a disk of comets thought to lie in the plane of the solar
with orbits not far beyond Neptune and Pluto.
Pluto takes only 248 years to orbit the Sun. How could a planet
nottoo far beyond Pluto take 28 million years to complete a circuit? Ac-
g to the law of gravity, it couldn't. Even a planet several times the
distance of Pluto cannot revolve around the Sun that slowly. But the en-
fire orbit of a planet will revolve due to the gravity of neighboring planets,
d this precession can proceed very slowly.
 Visualize Planet X on an elliptical orbit perpendicular to the plane of
the solar system. If the plane of the solar system is a table top, then the
tof Planet X is standing on its head. We see the table top at eye level
on and the orbit of Planet X face on. In that headstand position,
lanet X does not disturb any disk of ancient comets that lie in the plane
' the solar system not far beyond Neptune and Pluto. But eventually
will disturb the comets in the disk because the gravity of the outer
causes the entire orbit of Planet X to precess. The tilt of the orbit
stay inclined to the plane of the solar system by, say, 90 degrees,
the orbit will gradually pivot around like a very fat hour hand on
k. It will pivot through the plane of the table and down, then back

1

million years ago was only one of many mass extinctions t
has experienced in the last 250 million years. In 1984,
and J. John Sepkoski, Jr., presented evidence that large
tions of life on our planet have occurred approximately
years.”

Two different teams of researchers immediately recognized
collisions with Earth are too infrequent to cause mass
28 million years and that there was no mechanism to
hit the Earth with regularity. But comets could, if some
ing them. They proposed that the periodic mass extin:
gered by an unseen star within our solar system, bo
gravity, just as the planets are. After all, a majority of
universe are binary or multiple star systems.

One team of researchers was Marc Davis, Piet Hut
Muller; the other team was Daniel P. Whitmire and Al
IV. Their proposals were independent, simultaneous, and
The Sun's companion had to be a star of low mass ai
brightness to remain unidentified when it was by far the
the Sun. This star had an elliptical orbit that carried it in
light-year (about 30,000 astronomical units) to the Sun
a distance of 2.4 light-years (more than halfway to the
a period of 28 million years.

In the course of its travels, this star would at periheli
the densest portion of the Oort Cloud-of comets, acc
of them out of the solar system but decelerating millions o
ing them to fall in closer to the Sun so that some hit the E
tous consequences for the evolution of life. Davis, Hut, and
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up through the plane of the table and back to its initial _qularities in the positions of Uranus and Neptune, the strange
tion. In a multiple-exposure photograph, the ellipses' -. Neptune's satellites, and the peculiar orbit of Pluto. Whitmire
would form a rosette. >~ e felt they had found a tenth planet in their data. Harrington
In the course of that precession, the outer portion of th yan Flandern felt they had found a tenth planet in their very dif-
of the fat hour hand) would slide through the comet dij + data. Yet the two planets were essentially the same. Matese and
and three o'clock positions, sending swarms of comets I.-u . found in this convergence a great boost to their cqnﬁdence.
only during those two relatively brief periods when the agree with Harrington and Van Flandern that t.here: is a trans-
is in or near the plane of the comet disk. If the orbit an planet of substantial size to be found. No object in the sola.r
pletes one precession cycle in 56 million years, it will ¢ . has caused more trouble. Imagine a Most Wanted poster for this
of comet showers for the inner solar system—one every planet.
. But what v_vovuld be the size of .the orbi‘t of a planet with 5D on cosmic charges:
sion of 56 million years? To their surprise, say Whitm
average distance of this planet from the Sun turned out
80 astronomical units (about twice the distance of Pl
orbit would be substantially inclined (perhaps 45 degri
(slightly more than Pluto's). It would range far enougt
the comet disk when precession placed it in the prop
was also close enough to the Sun to be detectable. The orb
X would be stable.
It was at this point, say Matese and Whitmire, they
hypothetical planet was practically identical to the one
rington and Van Flandern to explain a completely diff
lems. Harrington and Van Flandern's tenth planet was

Disturbing the motion of Uranus and Neptune.

Smuggling short-period comets (like Halley's) into the inner solar

e en';ted of trespassing at Neptune, driving Triton and Nereid
perserk, and kidnapping Pluto.

o ted assaults on Earth with deadly comets, causing periodic
mass extinctions of life.

DESCRIPTION of fugitive: One to five Earth masses; eccentric, with
dinclination; likes to leave subtle clues to tantalize astronomers; lives
in trans-Plutonia, constantly on move, no known address, might repeat
_movements every 700 years; knows how to hide.

OTE: Substantial reward for information leading to his arrest.
Orbit precesses

g i ini itmi uld sol
Planet X disturbs / nding one planet, in the opinion of Whitmire and Matese, could solve
Qort Cloud comets o

crimes.*

analysis by Eugene M. Shoemaker and Ruth F. Wolfe, however,
that even with a mass of five Earths, Planet X could not cause
et showers, a possible cause of mass extinctions on Earth. Pointing
her studies, they concluded that the purported inconsistencies in
motions of Uranus and Neptune do not indicate a tenth planet, that
anet of equal or greater mass than Earth would be so bright that it
hardly have escaped previous discovery, and that a planet larger
Earth would be unlikely to have formed beyond Pluto.’* Matese
Whitmire counter that their own analyses show that a Planet X with
Earth masses could cause comet showers, that a planet with low
ivity or one located deep in the southern sky could have escaped
tion, and that the study that indicated an Earth-size planet could
form beyond Pluto also cannot account for the existence of Uranus
- &nd Neptune.,

Inner Oort Disk of comets

According to Daniel P. Whitmire and John J. Matese, P
elliptical orbit which is highly inclined to the plane of |
The precession of that orbit causes it to pass through tl
inner Oort Cloud of comets, disturbing their orbits an
showers for the inner solar system. Comet impacts on E
showers, they believe, are responsible for periodic mass
life on our planet.
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Watching for a
Spacecraft
to Quiver

John Anderson
Courtesy of John Anderson
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clues as to where in the sky to search for it. Anderson hopes that,

tlhe two Voyager craft sail out beyond the planets, they may help to
:in down the location of Planet X.

In 1987 a new proponent of a tenth planet emerged on the
Anderson at the Jet Propulsion Laboratory was working w
Pioneer 10 and 11 spacecraft, which had preceded the Voya
10 flew by Jupiter. Pioneer 11 flew by Jupiter and convert,
passage into a gravity assist to Saturn. Both craft are now
of the solar system in nearly opposite directions, and Pioneer
beyond the orbits of the planets.

Anderson tracked the departing probes by their radio
years to see if either was deflected from its course by gravi
ing across the cosmos or by the gravity of a trans-Plutonian p
craft exhibited any sign of unusual perturbation.

Anderson therefore concluded that a tenth planet most
ist! A positive conclusion from what seemed like negati

Two years earlier, the interpretation of this data by An
Myles Standish, Jr., had been negative: "A three-year anals
tracking data from the Pioneer 10 spacecraft . .. fails to
presence of Planet X.'"1!

But now Anderson felt that the slight unpredictabilities
of the outer planets that U.S. Naval Observatory astronom
attention to could best be explained by the existence of a
Therefore, the lack of perturbations in the spacecraft pro
tion about the unseen planet's path.

The Jet Propulsion Laboratory had calculated highly a
for Uranus and Neptune by including only observations
the present and by excluding earlier observations. Ande
fidence in almost all the observational data—new and old.
concluded that an unseen outer planet had been disturbing
Neptune before and during the nineteenth century but t
was now too far away for its gravitational effects to be n
planets or even on the two tiny and distant Pioneer craft.

Thus Planet 10, he surmised, must have a highly elli
carries it far enough away to be undetectable now but perio
it close enough to leave its disturbing signature on the pat]
planets. He put the orbital period at 700 to 1,000 years. The
also had to have a highly inclined orbit so as to have produ
able deflection of either of the Pioneers. Finally, to create
turbations reported in the Naval Observatory data, he ¢
the planet must have a mass of about five Earths. This
far away, nearing aphelion, where its gravitational ef
noticeable. Its perturbations on the outer planets won't be
until about the year 2600.

For the time being, this distant planet, if it exists, has

{The most recent of the proposals for a tenth planet is also the most tradi-
sional in methodology. Conley Powell is an aerospace engineer for
Teledyne-Brown Engineering in Huntsville, Alabama, who specializes
n astrodynamics. He calculates orbits. So slight discrepancies in the mo-
fions of the outer planets that U.S. Naval Observatory astronomers could
ot explain as observational errors were fascinating to him. He discarded
{he Neptune residuals from consideration even though Harrington and
van Flandern thought them significant because he felt that, with less than
ane full revolution completed since it was discovered, Neptune's precise
orbit was still too uncertain. The orbit of Uranus, however, was much
petter known, and he began an analysis of the discrepancies between
the predicted and actual positions of Uranus in the tradition of Adams,
L Verrier, and Lowell, with the hope that the position of a tenth planet
could be determined mathematically.

As the Jet Propulsion Laboratory mathematicians had shown, the obser-
yations of Uranus after 1910 provide much more orbital accuracy than

early ones. Powell therefore assigned less weight to early visual and even
early photographic observations and more weight to twentieth-century
Uranus position records, based on probable errors in the data as com-
puted according to statistical theory. It was not, he felt, a question of the
{ disturbing planet getting farther away during the past 80 years. The data
improvement about 1910 was too sudden to be attributed to the grow-
ing distance of a tenth planet. It was due instead, he thought, to new
techniques used to pinpoint planet positions.

Powell’s calculations showed Planet X with 2.9 Earth masses at a
distance from the Sun of 60.8 astronomical units, giving a period of revolu-
~ tionof 494 years.”* He was intrigued that this number was approximate-
ly twice the period of Pluto and three times the period of Neptune—
suggesting that the planet he thought he saw in the data had an orbit
stabilized by mutual gravitational resonance with its nearest neighbors
despite their vast separation.

_His calculations for a tenth planet also provided an orbit inclined by
Nﬂy 8.3 degrees (less than Pluto's| and only slightly eccentric (but not
ﬁrm enough to warrant a number), The orbital resonance of Planet 10
~ and the unspectacular nature of its derived orbit gave him confidence
| ‘that this unseen planet was real.

This solution to his calculations called for the trans-Plutonian planet
|

Reanalyzing
the Motion
of Uranus

Conley Powell
Courtesy cof Conley Fowell
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to be in Gemini, ironically the same part of the sky where U;
Pluto were found. It would be brighter than Pluto when it was d

At the request of Conley Powell, the Lowell Observatory
search for the hypothesized planet near the spot that Powell
tions indicated on the survey photographs made by Clyde
Had Tombaugh missed the tenth planet? Beginning in August 1
the supervision of Edward Bowell, Norman Thomas used a b
parator to search approximately 1,000 square degrees of sky.
was found.

Undaunted, Powell reexamined his data. He was dissati
inability to derive more than a vague value for the eccent
orbit of his suspected tenth planet. So he let his computer "have
in a sequence of approximations that produced a still better
residuals. What emerged was a significantly different predi

Planet 10 was now smaller, closer, and brighter. His n
predicted a planet with 87 percent the mass of Earth. Wit
distance of 39.8 astronomical units, a period of 251 years, and
tricity of 0.26, Powell's planet would follow almost exactly tt
Pluto. Like Pluto, it would even spend part of its circuit insi
of Neptune. Powell is fascinated by the similarities betwee
prediction and the final predictions for a ninth planet by
Pickering.

This tenth planet, Powell calculates, should be located at
the eastern part of the constellation Leo, the Lion, with a com
bright magnitude of 12.2. "It's hard to see how Tombaugh ¢
missed it," says Powell. Although the unseen planet would I
well toward aphelion during Tombaugh's search, it would have|
to the ecliptic and brighter than magnitude 13. Says Powell,
baugh was mistaken in thinking that he could not have n
brighter than 16th magnitude or my calculations are m

Powell thinks that a search for the planet predicted by his re!
putation is premature. He first wants to refine his calculations
data he has just received from Bob Harrington—the post-1910
of Uranus calculated by the Jet Propulsion Laboratory for
use in the Voyager 2 encounter with Uranus.

If his planet is found, he would like to name it Persepho
calculations lead to no planet discovery, would that sugg
Uranus residuals are erroneous? No, says Powell, it is hard to

these discrepancies are not significant. More likely, he feels,
tional model of the outer solar system is wrong, perhaps

is an eleventh planet out there whose gravitational effects are
matters.
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re is yet another serious scientific search in progress for a trans-
e planet, butitis being conducted without the belief or theoretical
lculations that such a planet really exists. This investigation is being
" ied out by Thomas J. Chester and Michael Melnyk of the Jet Propul-
U.amLabgratory. It is perhaps the least orthodox of all.
08 January 25, 1983, NASA launched the Infrared Astronomical
satellite (TRAS), a joint endeavor by the United States, the Netherlands,
and Great Britain. Scientists realized that this 22-inch (57-centimeter)
with infrared sensors would have a reasonable chance of detect-
ingatenth planet if it exists. A distant planet would receive and reflect
very little sunlight and therefore be hard to find with optical telescopes
mdphotogfath- But the meager energy it absorbed from the Sun and
converted to heat could make this planet stand out clearly in infrared
wavelengths. Many research projects were conducted on IRAS before
it ran out of liquid helium to cool its special infrared detectors in
November 1983, as expected.® Regardless of whether they were ex-
amining galaxies, nebulae, or stars, many of the astronomers checked
he IRAS data for a possible tenth planet. As Chester explained, "Everyone
wanted to be rich and famous."
It wasn't easy. IRAS recorded some 600,000 objects. Finding a tenth
among them is like finding a poppy seed in a bin of sesame seeds.
Almost. There were some sensible ways to improve the odds. As they
ed with their principal investigations, astronomers kept their eyes
gpen for objects in the expected low-temperature range. They looked for
objects that moved. No tenth planet was found.

Thomas J. Chester and
Michael Melnyk (right)
Gaylin Laughlin

Looking
for Heat
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Plate 16. Saturn and its exquisite ring system as seen by Vo
bluish dots below Saturn are its moons Rhea and Dione,
NASA/Jet Propulsion Laboratory

Plate 17. Even more detail in the ring system of Saturn is
Voyager 2 view after closest encounter. Saturn can never be s
angle on Earth.

NASA/Jet Propulsion Laboratory

Flate 18. The Voyager spacecraft revealed that Saturn's ring s
posed of thousands of rings, as this false color picture clearly
NASA/Jet Propulsion Laboratory

Plate 19. The richly banded world of Jupiter, as seen by Voyager
Red Spot, a giant storm more than twice the size of Earth, and 1 PLATE 16
storms (white and reddish spots) are clearly visible. Also visible

moons of Jupiter: reddish Io is near the right edge of Jupiter; Euro
whitish dot near the right edge of the picture; and Callisto isa tiny
Jupiter and to the left.
NASA/Jet Propulsion Laboratory

Plates 20 and 21. To, Jupiter's innermost large moon, as phot:
Voyager 1. Active volcanoes on Io, such as the one seen on the hi
21), hurl gas and debris more than 100 miles (160 kilome
moon's sulfur-covered surface. Said one scientist: "I've seen b
pizzas.'

NASA/Jet Propulsion Laboratory

Plates 22 and 23. Europa, just a little smaller than Earth's Moon,
a fractured billiard ball in these Voyager pictures. Beneath the i
may lie liquid water. The fractures in Europa's crust are prob
by the tidal strain created by Jupiter, Io, and Ganymede.
NASA/Jet Propulsion Laboratory

Plates 24 and 25. Ganymede, Jupiter's largest satellite and the
in the solar system. The ridges and grooves seen by the Voyz
a world where chunks of crust moved about and collided with
NASA/Jet Propulsion Laboratory

PLATE 19



PLATE 20 PLATE 21

PLATE 27

PLATE 22 PLATE 23

PLATE 29 .

PLATE 24




PLATE 30

PLATE 32

26 and 27. Callisto, the outermost large moon of Jupiter. Voyager pic-
fures showed that it was saturated with craters. Any new craters formed by

ing asteroids or comets will obliterate older craters. This thoroughly
catered landscape suggests that Callisto has changed little since it formed.

NASA/Jet Propulsion Laboratory

Plate 28 and 29. Titan, Saturn's largest satellite and the second-largest moon

jnthe solar system. Only two moons, Titan and Neptune's Triton, have per-

ganent atmospheres. The Voyagers found that the principal gas in Titan's

simosphere is nitrogen and that the atmospheric pressure is 60 percent
ter than that of Earth.

NASA/Jet Propulsion Laboratory

Plate 30. Two days before closest encounter with Triton, Voyager 2 could
weamottled surface, but little more. The southern hemisphere {lower two-
thirds| was pinkish; the northern hemisphere (top) was darker and redder.
NASA/Jet Propulsion Laboratory

Plate 31. One day before closest encounter with Triton, Voyager 2 could see
the dark streaks, the fractures, and the “cantaloupe’ terrain that mark Triton
#a fantastic world.

NASA/Jet Propulsion Laboratory

Plate 32. Triton: the best view. Inbound to Triton, Voyager 2 observed the
femisphere that always faces Neptune. Triton's southern ice cap (bottom)
of frozen nitrogen is tinged pink by hydrocarbons.

Ageyser in eruption may be seen near the limb in the "'5:30" position with
itsthin dark trail of airborne debris stretching toward "6 o'clock.” A second
active geyser is at 5 o'clock!” Three other probable active geysers are at the
430" position. Dark streaks of windblown and fallen ejecta mark the loca-
tions of many dormant geysers.

Above the edge of the southern ice cap, the fractured and “cantaloupe”
lerrain suggests internal pressures that continue to remold Triton's surface.
NASA/Jet Propulsion Laboratory mosaic (color and contrast have been

enhanced)
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Infrared Astronomical
Satellite (IRAS), a joint
endeavor of NASA, the
Netherlands, and Great
Britain, was launched
by NASA in 1983 and
performed superbly for
nine months until, as
expected, its coolant
was exhausted. With its
22-inch (57-centimeter)
telescope and its ability
to study infrared radia-
tion absorbed by the
Earth's atmosphere,
this instrument pro-
vided views of the
heavens never before
available. Astronomers
are still combing the
observations for
discoveries, including
the possibility of a
tenth planet in our
solar system.

NASA (photograph and
artwork)
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E ghere was only one method left: Cull the entire IRAS catalog of ob-
< for tenth planet candidates—cool, faint sources—and compare every
date to Palomar Sky Survey optical photographs taken almost 40
_. _If the IRAS catalog and the survey photo both showed the ob-
.. he same position, then it wasn't Planet 10 because the planet would
moved. This systematic search was the approach that Chester and
jnyk pursued. Fortunately, not every star had to be compared to an
survey photograph. Existing catalogs listing the positions of infra-
and optical objects could be used to disqualify 80 percent of the stars
nby IRAS. If the IRAS object appeared in the catalog, it hadn't moved
od was eliminated.*

.ster and Melnyk are gradually compiling a list of a hundred or so
st suspicious objects to be checked out by the 200-inch Hale Telescope
Mount Palomar. A few candidates have already been examined, but
Planet 10 has been found.

These two IRAS gleaners have simplified their search one step further.
They have concentrated on the portion of the heavens where there are
the fewest stars. In this way they can cover the most sky with the least
ﬁort They have avoided the plane of our Milky Way Galaxy, where
’:&'ms are most concentrated, and have started with the galactic poles.
' Since 1986 they have been working their way from the north galactic
| poleto a galactic latitude of 50 degrees. So far, they have covered one-
tenth of the entire sky. They think they can cover down to nearly 30
degrees before star density is too great. When they reach that point, they
will have examined 120,000 IRAS objects. So far they have completed
20 percent of their task. Chester explains: It's like a drunk looking for
- hislost keys at night around the base of a lamp post. A passerby stops
tohelp. "Is this where you think you lost them?"' he asks. “No," says
the drunk. "But the light is better here."”

Thus the search by Chester and Melnyk is not based on a planet per-
turbing Uranus and Neptune (Chester doubts that the residuals are due
Woatenth planet). The search is not based on a planet periodically dislodg-
ing comets to deluge the Earth (Chester believes the evidence for that
hypothesis is extremely weak).

Instead the Chester and Melnyk review of IRAS data for a tenth planet
i5a by-product of Chester's principal mission—to find objects outside
fhe solar system that have too little mass to shine like a star by nuclear
fusion. These objects, more massive than Jupiter but less than 8 percent
i mass of our Sun, glow feebly because of the heat generated by the
gravitational compression of their interiors and the radioactive decay of

elements trapped within them. Even if these so-called brown
dWarfs were closer to our solar system than the nearest stars, they may
% impossible to see with optical telescopes.'s But if they exist, they
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must be visible in the infrared and thus should have be
the IRAS data. Chester is trying to see how much undetected
is in the form of brown dwarfs in our vicinity.

The amount of unseen matter has important implications:
of the cosmos. Thé universe is currently expanding follo
in the big bang 15 to 20 billion years ago. Will the uni
expand forever, or will the expansion gradually slow to a
a contraction that will lead over tens of billions of years
compressed into a singularity, perhaps followed by a
answer lies in whether there is enough gravity to halt
which means whether there is enough mass in the uni

Telescopes have detected only about 10 percent of the
sity to keep the universe from expanding forever. Is there
of unseen matter, perhaps as black holes, neutrinos, clo
dust, very faint stars, or substellar objects? If our corn
contains a modest number of brown dwarfs, and if our locale
typical (it seems to be), then brown dwarfs nearby wou
the universe is denser than we have previously detected,
increase the chances that we live in an oscillating univ
has found very few or no brown dwarfs, that may be impo
that brown dwarfs make little or no contribution toward the
needed to "close” the universe. Perhaps, instead, we li
universe, its expansion to continue forever. Regardless o
brown dwarfs are found in the IRAS data, as long as
the data properly, his findings should have important
one of the fundamental questions about the universe.

The IRAS search may also detect previously unknown
objects, which is Melnyk's major motivation for underta

As for a tenth planet, what could IRAS expect to find?
and resolution were not ideal for a tenth-planet search, but
ful tool. For example, it could detect Pluto at its present
barely. A Pluto-size planet farther away would be invisib
most Planet 10 hypothesizers are not looking for some
They are searching for something massive enough to be d
and Neptune or massive enough to perturb great nu
Here IRAS could be of help. It could detect a Jupiter-s
distance of 5,000 astronomical units—more than a h
ther out than Pluto ever ventures. Most concepts of P
a body between the size of Earth and Uranus. Depending
nal heat such an object might generate, IRAS could feel it
of 60 to 250 astronomical units.

For Chester and Melnyk, the discovery of a tenth pla
pleasant and rather unexpected surprise. But then, says M

rovided many serendipitous discoveries. If they do find a tenth
.- Melnyk thinks that Cronus might be a good name, since he was
fatlher of time and a distant new planet would certainly take lots of
+ {0 make its way around the Sun. Their failure to find one would
rule out a tenth planet but would further constrain the possible size
distance of such an object and the part of the sky where it might
piding. If Chester and Melnyk find no tenth planet, they feel they
pe able to say with great confidence that no tenth planet of signifi-
_nt size and proximity exists in the 50 percent of the sky they have
ored. The unsearched sky remaining will be close to and along the
ky Way, where the stars are so numerous that a complete search of
RAS data performed by human beings would be so lengthy and
ious that it would be impractical.

similarities in conceptions of a tenth planet expressed by Harrington Expan din g the
an Flandern, by Whitmire and Matese, and by Anderson do not Tombaugh
essarily point to the existence of an undiscovered planet. To the ex-
that predictions of a tenth planet are based on the irregularitiesin Se€arch
motions of the outer planets being real rather than errors in obser-
on, transcription, or calculation, the missing planet can have only
her modest mass because the purported discrepancies in the mo-
s of Uranus and Neptune are so small. Concepts of a tenth planet
o constrained by the observational work of Clyde Tombaugh and
s engaged in subsequent surveys. To have avoided detection, the
planet must be distant and faint, most likely in a highly elliptical
it so that it is at present far from the Sun and in a highly inclined
it so that it is far from the plane of the solar system where the most
ntensive surveys have been conducted.
lyde Tombaugh's careful search before and after the discovery of Pluto
so greatly respected that few serious proponents of a tenth planet
16th magnitude or brighter think that it could be undetected in the
percent of the sky surveyed by him. And to Tombaugh's survey has
added the work of Charles T. Kowal.
In 1977, Kowal began a new systematic search for undiscovered bodies
e solar system using the Palomar Observatory's 48-inch (122-centi-
er] Schmidt Telescope, a photographic survey instrument with 14
es the light-gathering power of the 13-inch (33-centimeter) astrograph
Tombaugh used to find Pluto. In the course of his seven-year search
ering 15 degrees above and below the ecliptic, Kowal found 5 com-
and 15 asteroids, including Chiron, the most distant asteroid known.
also recovered 4 lost comets and 1 lost asteroid.' He did not find a
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Of pis calculations, Kowal notes: "I obtained perfectly reasonable
;ons of the orbit of the unknown planet by using the residuals
ranus and the residuals of Neptune. The only problem is, the two
edictions do not agree with each other."” He hopes to return to this
yiork soon-”
' seven years at the telescope and blink microscope, Kowal formed
: mdehble conclusion: A general search for very faint planets such as
' -wns conducting is not feasible. It takes too much time and exhausts
_1an and material resources. If a tenth planet exists, astronomers must
te its approximate position and tell observers where to look.
s systematic search for undiscovered bodies in the solar system
abandoned in 1984.
searches of Tombaugh, Kowal, and others have greatly restricted
regions of the sky where a tenth planet is thought likely to be hiding.
what about the theoretical underpinnings of a tenth planet, especially
» taunting discrepancies between the predicted and actual positions
ranus and Neptune?
Charles T. Kowal with
the 48-inch Schmidt

Telescope at Palomar '

Observatory that he - n G. Marsden is director of the International Astronomical Union's
used in his survey for ST o Bureau for Astronomical Telegrams, astronomy's clearinghouse
ew ohjectyin thesuiar | o — i ies of comets, asteroids, moons, su ovae, quasars, pulsars
system. i discoveries o ) i , Supern | P )
Courtesy of Charles T, d planets. He is an expert on orbital computations. He thinks that prob-
HKowal

in fitting Uranus and Neptune to orbits may be due to the way the
were taken and that too much reliance has been placed on the ac-
of older prediscovery observations, such as Lalande's two glimpses
ofNeptune in 1795 and Galileo's plotting of Neptune in 1613. Remember,
e cautions, Neptune has not yet completed one revolution around the
unsince it was discovered and Uranus is only halfway through its third.
ltistoo early to rule out errors of observation or data transcription as
- an explanation for the disparities. The orbits are not yet known with
enough precision to permit the conclusion that the gravity of an un-
discovered planet is disturbing them.
The extraordinary flight of Voyager 2 beyond Jupiter and Saturn con-
the problems in the motion of Uranus and Neptune from a mat-
of theoretical interest to a matter of practical urgency. To fly a
pacecraft within a few miles of a distant planet's cloud tops and moons
‘anduse that planet for a gravitational assist to a yet more distant planet,
Decessary to know precisely how both those planets are moving and
Yy where they will be.
_E Myles Standish, Jr., and his colleagues at the Jet Propulsion
Labo atory faced that challenging problem. The precision of their predic-

He concluded that there was no planet brighter than 20
within 3 degrees of the ecliptic. He could have detected
planet out to a distance of 800 astronomical units, about 20
mean distance from the Sun. He is doubtful that any sua
within the 30-degree belt of his survey, although he points
search took a long time and objects could have eluded h
out of a to-be-photographed area into one previously ez
says he wouldn't be surprised if a new planet with a hxgh
tion were discovered, He notes that when Pluto is at ma
south of the ecliptic (17.2 degrees), it would have been o
of search.

Kowal himself has made an unpublished attempt at p
tion of a tenth planet and has come up with numbers very s
of Harrington and Van Flandern, Powell, and others—a
times the mass of Earth and bright enough so that Tombaugh
discovered it. "I spent many years of my life blinking

plates," says Kowal, “and I know how easy it is to miss |

Problems with
the Data?
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tions would have extraordinary consequences. They recale;
bits of Uranus and Neptune. The ephemeris they created for
accurately predicted the position of the planet when Ve
They hope their ephemeris for Neptune will allow Voyager
successful when it reaches its final target. The celestial m
achieved their results, however, only by ignoring observatior
tions of Uranus and Neptune prior to 1910.

Because Uranus was right where the new ephemeris pre
be even though it was based on less than one revolution o i1
dish doesn't see any need to explain discrepancies in the m
outer planets by a tenth planet. He strongly suspects that
turies there have been a few undetected errors in the o

'B-Y'a distant planet.

ore in their handling. The orbit of Uranus has been calculated
many different observations using many different reference systems.
converting these positions to a common reference frame, errors could

pe made. Some checks show conversion errors of 2 arc seconds
o MOTE, about four times the amount of the discrepancies in the posi-
tions of Uranus that were cited as an indication that it is being disturbed

“gtandish strongly advises against the use of prediscovery sightings of
{ranus and Neptune because when those positions are discarded and
lculations like those of Adams and Le Verrier are made on the remaining
, the need for Planet X decreases dramatically. The discrepancies
af remain are small enough to be explained by observational error.'s

e

GALILEO’S OBSERVATION OF NEPTUNE AND ITS IMPLICATIOR
by Dr. E. Myles Standish, Jr., Jet Propulsion Laboratory

Nearly two and a half centuries before the dis-
covery of Neptune in 1846, the astronomer Galileo
unknowingly observed that planet through his
telescope, noted its motion in the sky, and drew a
diagram of its location. This startling fact was un- %
covered in 1980 by Charles T. Kowal and Stillman "’,.: p
Drake while searching through Galileo's notebooks. %——
Galileo drew the object as a background star for
reference. There is no question, however, that it
was Neptune. Yet the diagram he drew is ambig-
uous: Different interpretations have profoundly .-

-
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; but they [then] seemed farther apart.”

D28 te. 51 a6 vce.

opposite impiications_. ¥ e cre reall ramid below Jupiter with two hash marks and the state-
In the years after his discovery of the four large % (e 1 ol S | Rt Cpack o ment, “This is an exact scale of 24 semidiameters."
[- N q

satellites of Jupiter, Galileo would routinely
observe these moons, measuring their positions and
drawing the configurations in his notebook. Occa-
sionally, he would also show the relative location
ofa bacWHd “fixed star," indicating the approx-  Gajjteo's diagram of Jupiter's m
imate direction and distance to the star from Jupiter january 28, 1613. He unknowingly
with a dashed line. Neptune as a background star
For his entry on the night of December 28, 1612,

there is no star near where the dashed line is point- Galileo saw Neptune again on Jan
ing. Instead, the line points unmistakably toward (shown here in the diagram he
the planet Neptune, the first known sighting of this three satellites are connected with
distant planet. It is likely to remain so, Neptune can  their distances (expressed in units 0
be seen only with a telescope, and astronomical diameters) are labeled numerically.
telescopes had been in use only three years. runs from Jupiter to the lower left e

et ‘ﬁ?u@’f&,f
£ g kil gk
gt s

remodlares iker f2

ance carefully, nor did he draw it to scale.

.

f’ﬁhzfe there is a star shown as an asterisk labeled
5-"‘1113 distance of a from Jupiter is labeled as 29.
The dashed line is continued at the lower right,
coming to two asterisks, labeled a and b, but with
o numerical measurement given for their separa-
ion. On the page Galileo has written, “Beyond
fixed star a another followed in the same line, as
[does] b, which also was observed on the preceding

The Smithsonian Astrophysical Observatory
catalog identifies a as star #119234. But there is no
anywhere near the location of b; Neptune was
there instead. Galileo's diagram for January 28 also
contains an unusual first-time entry: a solid line

Present-day computations show that in this
n, the satellite measurements are accurate
semidiameters or better(!), after accounting
aconsistent 9 percent scale factor present in all
Galileo's diagrams. But modern computations
W that the distance to star a, labeled as 29,
uld have been labeled 27.4, an error of 1.6, near-
20times below Galileo's normal accuracy. On the
ther hand, if we use Galileo's own scale of 24 to
e Jupiter's separation from star a, we get
, an error of 2.5 from the 29 Galileo noted.
arly, Galileo did not measure this dashed-line

e Question: Was the distance between

SAO#119234 and Neptune drawn to scale? If so, the
distance would have been about 3.6, equivalent to
3.9 when corrected for the scale factor of 9 percent.
Modern calculations for the position of Neptune on
January 28, 1613, put it at a distance of 6.9—a very
different number.

The Arguments: The first-time presence of the 24
semidiameter scale and the mention that one of the
background fixed stars seemed to have moved over-
night indicate that Galileo wanted to follow these
objects further; he may have drawn the separation
of the asterisks to scale. On the other hand, Galileo
consistently labeled his measurements with a
numerical value, using a solid line when drawing
to scale and a dashed line when indicating mere
direction. He used a dashed line here. Unfortunate-
ly, Galileo did not again observe the two objects,
presumably because of clouds over the next few
days.

The Implications: If Galileo's diagram is indeed
drawn to scale, as Kowal and Drake believe, then
the presence of a tenth planet in the solar system
is almost a certainty. The modern ephemerides of
Neptune cannot contain an error as large as 3
Jovian semidiameters (more than one arc minute).
However, if Galileo did not bother with scale and
drew the asterisks only to show the alignment with
Jupiter, then his diagram demonstrates the ac-
curacy of modern planet position tables—which are
based on the gravity of only nine planets.
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Standish has begun an analysis of the older residuals
irregularities in the observations of all the planets. "Did
each one on a grand tour?" he asks pointedly. He has also
ferences in the irregularities calculated by the U.S. Naval
the Royal Observatory Greenwich, and the Paris Observa
very soon to try to reconcile the pre-1910 observations
orbits by going back to the raw data at the Royal Green
the Paris Observatory, and the U.S. Naval Observatory and ¢
verting the positions to a common reference system,

There is no way to absolutely rule out the existence of
he notes, but there is no need for one to exist based on
the planets. And new planet-position measuring techniqu
of great refinements in our knowledge of precise plan

For the past two years, the Very Large Array of radio
Socorro, New Mexico, has been observing the planets
lengths. The twenty-seven 82-foot (25-meter) dish anten
railroad tracks to separations as great as 23 miles (37 kilo
ing the telescope array to resolve the direction of radio s

ngﬂ‘lS,

by a further factor of 20.

them to finish the job."™®

of 0.02 seconds of arc—about 20 times better than standard posi-
measurements by telescopic photography in the optical

ing beyond that accuracy are teams of astronomers at the Cali-
., Institute of Technology’s Jet Propulsion Laboratory and NASA's
d Space Flight Center. They are using very widely separated radio
pes to determine the positions of quasars to an accuracy of 0.001
second. Quasars are the most distant objects in the universe and
fore are the closest thing the cosmos offers to a fixed background
objects that do not appear to move up, down, or sideways. By relating

raft and planets to the reference background of quasars, naviga-
of space probes and the predicted positions of planets should be im-

‘Thinking back over his discovery of Pluto and his 14 years of planet
carching, Clyde Tombaugh offered Ten Special Commandments for a
-Be Planet Hunter. The final commandment decrees: "Thou shalt
engage in any dissipation, that thy years may be many, for thou shalt

PITFALLS IN PREDICTING A TENTH PLANET
by Dr. E. Myles Standish, Jr., Jet Propulsion Laboratory

perfect observations and with perfect
ephemerides, the residuals would be zero.

The residuals of Uranus and Neptune do not de- 2. Derive the observed posil . Adjust the computed orbit of the planet,
mand the existence of a tenth planet, for there are the raw measurements and C tofit th‘e observed pos_lti‘on‘s, O, as near-
other explanations that are at least as plausible. It curate catalog of star positic lyas posstlble, 50 as to minimize the resid-
is easy to ignore the fact that the residuals them- derive the observed p_ms uﬁli‘l 1This_ ad}l‘:‘v’tme&t " u?u;lly a;zzm;
selves need reexamination. planets. These derived "o ’ plished using the mathematical met o

Do the residuals represent true deviations in the been published and, more least squares, develcl:%d by Gauss.)
motion of the planets? Or can the residuals be more been put into computer: 6. Examine the ﬁnal ref;: uals. What keeps
simply explained as errors and inaccuracies in the Many of the raw measure them from being 7"_1]"1)-11?“1"??5 the catalog
procedures of working with the observational been published, while oth ;i ;l:lt'hl?zl;ig;i :(::i or?)sitdéztsr;z)?i} ;e;
measurements? ly in the original obse: : :

There is a succession of steps involved in deter- 'I)‘Yhese Ao mgasurements" mprovef:l, When no more improvements
mining the residuals for a planet: ever, been put into com are possible, one goes on to step 7.

. Other explanations of the residuals. What

1. Begin with the raw measurements. form—a task that
& rm—a task that would can cause nonzero residuals to a best-fit or-

Classical planetary position observations 3. Calculate the computed p 2 : 2

are made by measuring the altitudes of an existing orbit I[)ephe b1tal_ cz-;lcu.lahon??A defect S the Taw)of
both the planets and the stars and timing positions of the planet f PRy Eisnny g

their transits across the meridian (the with the observed positi catalogs produced since 1910 have been
north-south line in the sky). This step can 4. Form the residuals, O-C. T n to contain significant distortions. Certainly
never be repeated for a specific observa- the differences between er and cruder catalogs must also contain distor-
tion. One cannot go back and reobserve bital positions, O, and the  of similar, if not greater, magnitude. However,
the position of Mars in 1850. tal positions, C. In the ide 0 one has ever gone back to step 2, properly

reprocessing the raw measurements of the planets
using a modern star catalog.

For the post-1910 data, a lesser alternative has
been used: updating the published positions using
general differences found by comparing the
original catalog with a modern one. For data
previous to 1910, not even this lesser alternative
has been applied. The original catalog distortions
remain embedded in the residuals.

At best, a few tenth-planet seekers start at step
5, cranking out new orbits in an attempt to fit the
observations. Far worse, most begin with step 7:
“May I get a copy of your residuals?’

The complete job must start back at step
2—taking the original measurements of the planets
and recalculating their positions using modern star
catalogs. Such an analysis would bring no funding
or headlines. It would be time-consuming and
tedious. But until the basic observations [from
which come the residuals| are processed properly,
there is no necessity to invoke Planet X.
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| ch an extraordinarily beautiful planet,” said astronomer Rich.ard
fn'g.su Of the giant worlds, Neptune, surprisingly, has more visible
e es in its atmosphere than Uranus or even Saturn. Only Jupiter, of

four planets along Voyager 2's route, could exceed Neptune in cloud-

ntrasts. .
q’.;:{c;ow strange to see convection clouds and even eruptive cloud

,_wavior on a world so far from the Sun. The Sun's heat drives the yve‘ather
werns on Earth. But Neptune is too distant for sunlight to stir its at-
:I'?dm]?ere significantly. The temperature is almost unimaginably cold—
mospt ~352°F (-214°C, 59°K).2 If the atmospheric conditions of Nep-
fwhad been like those of Uranus, its globe would also have been a
."' ess blue, with clouds detected only by intense computer enhance-
| ’m Instead, Neptune greeted Voyager with a grand variety of clouds,
i and bands. They must be caused not by the Sun but by Neptune
‘_:M_by heat rising from its interior. Uranus has almost as rpuch mass
” Neptune, yet somehow Neptune radiates into space 2.7 times more
energy than it receives from the Sun, while Uranus barely d_oes better
m reradiate as much energy as it receives. Why this dispan_ty should
peisunknown. In fact, despite being a billion miles (1.6 billion kilometers)
farther from the Sun, the tops of Neptune's cloud deck may actually be
_adegree or two warmer than the cloud tops at Uranus‘.'I‘he amount of
:: ﬂeptune’s internal heat was only one of many mysteries arranged by
Neptune and its family.

“Our imaginations always fall short of anticipating the
beauty we will find in nature.”

Planetary geologist Laurence A. Soderblom, 1989

On course, on time, all instruments operating. At 8:56
daylight time on August 24, 1989, Voyager 2 passed Neptu
miles (4,900 kilometers) above the clouds near its north po
closest approach to any of the 60 bodies it visited during
journey. The spacecraft was traveling 61,110 miles per h
kilometers per hour|. Just as planned, the gravity of the gi
Voyager's path southward toward Neptune's largest moo:
hours later, at 2:10 AM. PDT on August 25, Voyager made the
encounter of its epic journey as it passed Triton at a dist
miles (39,790 kilometers).'

Voyager 2's flight by Neptune and Triton told scientists 1
these worlds than they had learned in the century and a half:
discovery. Three previous planetary encounters by Voyager 2
scientists to expect surprises, but no one was prepared
tune and Triton had to offer.

In these Voyager 2 pictures of Neptune, taken 17.6 hours apart, the
has spun eastward (to the right), a little more than once around.

In that one rotation, the Little Dark Spot, traveling faster, has moved

‘ahead of the Great Dark Spot.

The white methane ice clouds associated with the dark spots changed

Ppearance but remained in the same position throughout Voyager's

approach.

DASA/Jet Propulsion Laboratory

The Beauty of
Neptune
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Methane ice clouds
above the center of the
Little Dark Spot. The
appearance of these
white clouds suggests
that they are rising.
The Great Dark Spot is
spinning counterclock-
wise (like the Great Red
Spot on Jupiter), but
Voyager 2 could not tell
the direction of spin of
the Little Red Spot.
NASA/Jet Propulsion
Laboratory

Neptune, Terrile noted, looks so familiar: blue in color,
clouds casting shadows, like clouds over the oceans on Ea
simultaneously, it is “incredibly alien."”

It was only in the last few years before Voyager 2’s arrival
tists on Earth had been able to record clouds on Neptune,
proved telescopic instrumentation. Voyager 2 began to see clo
tune's atmosphere in January 1989, seven months before
counter. Two months later, it discerned a large dark feature th
as the planet spun it out of and then back into view again,
Dark Spot changes its elliptical shape and size with each ro
planet. At its largest, it is nearly the diameter of Earth. Thi
atmospheric turbulence is located 22 degrees south of the e
is spinning counterclockwise, which makes it a high-press
much like the Great Red Spot on Jupiter. The similarity be
vast, long-lasting storms is strong. In relative size and even lo
tune's Great Dark Spot is a match for Jupiter's Great Red

Suspended high above the southern boundary of the Great
was a bright white feature—thin cirrus clouds of frozen me
there the cirrus clouds stayed, despite the tumbling and
Great Dark Spot, perhaps 60 miles (100 kilometers) below.

The Great Dark Spot was not alone. Farther south, 55 d
the equator, was a similar but smaller feature that might be
Little Dark Spot. It was no slouch in size, being bigger than

The Little Dark Spot also had a bright white companion, but this

: zhc]oud group was positioned over the middle of the dark spot.
tune, like all the giant planets, has no solid surface by whi‘ch to
the planet's period of rotation. As on all the cloud-draped giants,
3 \weather changes and the winds blow differently at different latitudes,
itis difficult to discern the planet’s true period of rotation by watching
o Joud features. The Great Dark Spot spins once around with the planet
. ;;,3 hours. The Little Dark Spot rotates once around in only 1_6.0 hou_rs.
.:.lmic]jr if either, marks the actual length of the planet's day? Light varia-
on Neptune observed from Earth had led to estimates that the

et's rotation period was 17 to 18 hours.

The earlier success of the Voyagers at the other giant planets had pro-
yided a new measure of the rotational cycle of planets with no solid sur-
faces: the rotation of the planet's magnetic field. Even from Earth, the
gistence of the magnetic field of Jupiter could be inferred from its ef-
fecton the powerful radio waves that Jupiter emits. Saturn, Uranus, and

e were also expected to have magnetic fields, but their radio emis-
gons could not be detected from Earth. Up close, however, Voyager 2's
sensors could detect radio waves generated by their magnetic fields and
measure the periodic variations of the radio waves as the planets rotated
on their axes. The magnetic field of Neptune, and hence the interior of
the planet where the field is generated, is spinning around once every
16.11 hours.

The spin of Neptune carries all the cloud features in its atmosphere

from west to east. Yet within Neptune's atmosphere the clouds shift their

 Never before had cloud

| - shadows been seen on any
| planet beyond Earth.
Sunlight striking these
 high-level cirrus clouds
casts a shadow onto the
cloud pack about 60 miles
{100 kilometers) beneath.
- Voyager 2 was only

- 97,000 miles (157,000
kllometers) above the
tlouds when it made this
!uge. Just two hours

!,
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positions in response to local winds. As the spots on Nep tu

to view, the Little Dark Spot has pulled ahead and the G

has dropped behind—like a race around a track where the
their lanes. As they move by the stands after each lap, one ru;
of the other because they make the circuit at different spee
ty of the Great Dark Spot, the winds blow westward at a
per hour (1,150 kilometers per hour), almost ten times
ricane winds on Earth, more than twice as fast as winds
rivaling the 1,100 mile-per-hour winds on Saturn. Some
on Neptune may reach 1,250 miles per hour (2,000 kilo
very near the speed of sound in Neptune's atmosphere
of all atmospheric winds measured in the solar system

was not the strength but the orientation of Neptune's magnetic field
raised eyebrows. The magnetic field is tilted 47 degrees from Nep-
«is of rotation. Perhaps that peculiar behavior was tolerable at
us, for what could you expect from a planet that lies on its side as
l;.l'es around the Sun? Upright planets with magnetic fields—
-ury, Earth, Jupiter, Saturn—all have their magnetic axes respectably
ed with their rotational poles. And, of course, the magnetic axes of
planets pass through or very close to the planets’ centers.

‘Not at Neptune. The axis of its magnetic field passes nowhere close
wits center. It is like that of Uranus, but even more askew. If a baF magnet
ysed to approximate the complex magnetic field of Neptune, it misses
. center of the planet by 8,500 miles (13,600 kilometers). Thus, even
.+t its deepest, Neptune's magnetic axis is closer to the planet's surface
than to its center. =

A magnetic axis passing so far off center indicates that the source of
; ‘s magnetic field cannot be a core of ionized molten metal, like
at of Earth. Such a core would generate a magnetic field by convec-
tion within this conductive material. Instead, as at Uranus, the magnetic
field of Neptune must originate somewhere well away from the center.
ﬁgmost plausible source is water. Water is an abundant molecule in
 {he outer solar system. Normally it is a mediocre conductor of electrical
current. But at a depth of 3,000 miles (5,000 kilometers] within Neptune,
overlying material exerts on the water a pressure 200,000 times as great
asthe atmospheric pressure on Earth, and the temperature of the water
is4,000°F (2,300°C). At this pressure and resulting temperature, water
isionized and becomes a respectable electrical conductor. The turbulent
mixing of this conducting fluid produces the magnetic field.

* To explain this kind of oddly oriented and positioned magnetic axis
when it was first detected at Uranus in 1986, some scientists had
wondered if Voyager 2 had caught Uranus in the midst of a magnetic
field reversal. Magnetism in rocks on Earth shows that our planet ex-
periences a reversal of its magnetic polarity at irregular intervals averaging
about every half-million years. It would be a wild coincidence to catch
Uranus in the process, but maybe. . .

Neptune ruined that idea. Could magnetic field reversals be in pro-
gress at both Neptune and Uranus? That would have been far too great
a coincidence.

The question remained: Why the tilt? Jack Connerney, a magnetic field
nvestigator on Voyager 2, had been analyzing the problem since the
spacecraft had revealed it on Uranus. His models of the current flow in
: i‘elatively weak conductor like water in the mantle region of Uranus
indicated that the natural result would be a large tilt for the magnetic

1t

oW

With a 16.11-hour day, Neptune is rotating more rapidly t
which has important implications for its interior structu
of the planet causes it to bulge slightly at its equator. As Vo
Neptune, that bulge created minute variations in the craft!
Once those accelerations are painstakingly analyzed, it wil
to estimate how the density of Neptune varies with depth,
rock and how much ice are required to make such a p}
well mixed are these constituents? It may be that the ir
tune and Uranus are not divided into layers like the cor
crust of the Earth. Instead, their interiors may be a
gradually becomes denser as the depth increases.*

In the century and a half since Neptune's discovery, Ur
tune had often been described in textbooks as twins be
similarities in mass, size, and composition. As scientists
about the two, they had been increasingly able to discrim
from one another—their axial tilts, their satellite systems,
their visible cloud features. Now, from the Voyager 2 |
differences emerge: internal heat, wind speeds. But new
tended to emphasize once more the twinlike characte
and Neptune: internal structure, a system of narrow rings,
field orientation and strength.

Voyager 2 found that Neptune does have a magnetic field,
weaker than expected—less than the magnetic fields :
Uranus, and far less than at Jupiter. At Neptune's cloud
from about half to twice the strength of the magnetic fiel
of the Earth.
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Both Uranus and Mep-
tune have moderate
magnetic fields that are
generated far from their
centers by a water and
ammonia mixture
under so much gravita-
tional pressure that it
ionizes and conducts
electricity. This

unusual source of a
magnetic field appears
to result in a highly in-
clined magnetic axis
and a field offset from
the planet’s center.
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since Neptune was similar to Uranus in composition and mass, he
his colleagues predicted that Neptune would also generate its
etic field from ionized water close to its surface and that, under
circumstances, the magnetic axis would be steeply tipped.> And
d it was.

are the tilted and offset magnetic axes of Neptune and Uranus
:ne more than a curiosity? Yes, says Norman Ness, principal
fields investigator for Voyager. Oblique rotators on a more
S PR L /] - : scale are found everywhere in our universe. Stars and pulsars
; on stars) are rapidly rotating, massive objects possessing strong
¢ fields. Some of these stars and pulsars have magnetic axes tilted
. large angle from the rotation axis. Neptune and Uranus thus offer
n opportunity to study this peculiar phenomenon close up.

|t was fairly remarkable, said Terrile, that Voyager 2 was able to record
age of Neptune's rings at all. Imagine, he said, seeing something
h "half the reflectivity of soot against a black background in a region
ere the light level is 1/900 that of Earth."
Yot three weeks before closest encounter, Voyager 2 spotted the ring
,gggments that had been detected but never seen from Earth. Then,
o week before flyby, Voyager 2s cameras revealed that the arcs of Nep-
ie are not isolated along empty ring orbits, but instead are parts of
mplete encircling rings. As Voyager 2 passed Neptune, it looked back
nward to see the dust in the rings scattering the sunlight most con-
cuously, much like the dust on a car windshield that we never notice
il we head into the Sun. On closest inspection, Neptune was found
have four complete rings—two thin ones that are relatively bright and
broad ones that are very faint. The ring order alternates, with the
‘outermost ring being narrow and the brightest of the four.® Sunlight
scattered through the ring dust allowed scientists to measure the rings’
sitions and particle densities and determine that Neptune's rings are
dustier than those at Uranus, where the smaller particles have been
noved.
Gone were the arcs—the three suspected partial rings—that Earth-
bound astronomers had detected. All four rings were complete: the ring
erial encircled the entire planet. But, then again, the arcs were there—
terial bunched together in three places along the outermost ring to
out ten times the density of the rest of the ring. Never before had this
e of clumpiness in a ring been observed anywhere in the solar
stem. The arc clumps looked a little like sausages on a string.
y had astronomers thought that the rings of Neptune were in-

Lines of force

i
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Exchanging One
Ring Mystery
for Another
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The three arc clumps in Neptune’s outermost ring showed u
Voyager 2 passed Neptune and looked back sunward to see
scattering the sunlight. How these clumps persist, with
out along the ring, is not yet known. The rings are so faint
ture them the crescent of Neptune had to be tremendously
exposed. The ring material revolves in the same direction a
rotates —clockwise in this view from south of Neptune's equ
arcs are in the foreground.

NASA/Jet Propulsion Laboratory

complete fragments? The answer was straightforward. Ex
clumpy portions of the outermost rings, the rings contain so|
that they could not dim a background star enough to be d
Earth.

But why then did star occultation observations made on E
arcrings at three different distances from Neptune rather th
clumps within a single ring?

The main reason was that the position of Neptune's polar
known with great accuracy until Voyager 2 arrived. Becau
rings generally settle into orbit directly over a planet’s eg
moons (such as Triton and Nereid), rings cannot long occup
are inclined to the equator. As Neptune creeps around the
equator tilted moderately to the plane of the solar system,
see the ring plane from a slowly but constantly changing p

Voyager 2 at Neptune: Beyond Imagination

45 Neptune. with its equator tilted 29 degrees to its orbit, revolves

i nd the Sun over a period of 165 years, we on Earth see Neptune’s
wgs from slightly above, then edge on, then from slightly below, then
w on again. This diagram shows only the two narrow rings.

Jooking obliquely down on the plane, then seeing it edge-on, then !ook
WE obliquely up at the plane. Hence, to a viewer on Earth, the pf)snmn
of an arc along a ring orbit would have a slightly different a.ngu]ar ch.stance
j{rnm the planet as time passes. Without being able to see the rings directly
or know exactly the position of Neptune's poles, scientists could not
alculate precisely where the rings lay and therefore correct for the change
in perspective.

Thus two of the three occultations initially regarded as separate arc
rings were actually just clumps within the outermost ring seen at dif-
ferent times and hence in slightly different orientations. The other three
f:ings of Neptune were never detected from Earth at all.”

And what of the clever and inventive theories to explain how arc rings
could be stabilized and sustained—the resonances of a moon in an in-
dined orbit, as postulated by Goldreich, Tremaine, and Borderies, or the
Lagrangian Point shepherds of Lissauer? )

Gone. Scrapped. No inner satellite with a substantially inclined orbit
was found. No satellite at a Lagrangian Point. And the theories couldn't
explain the clumpy but complete ring that did exist. "Good theory," mused
Scott Tremaine. “Wrong planet.”

It was back to the drawing board. How could one explain such a clumpy
Ting?

Had a satellite of substantial size been overlooked? Unlikely.

Were small, undetected satellites traveling within the outer ring
somehow responsible?

Was the clumpiness just temporary—the site of a recent orbital acci-
dent, the collision of two moonlets? Even more unlikely. The fragments,
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All four complete rings of Neptune were captured in these
as Voyager 2 looked back 1Y days after passing Meptune.
halfway between the two narrow rings, a faint broad ring ex
planetward. Between the inner narrow ring and the overexpo:
cent of the planet is a second faint broad ring. The clumps
most ring are not visible because when each picture was
were on the opposite side of the planet.

MASA/Jet Propulsion Laboratory

at slightly different distances from Neptune, would in that cas
ing at slightly different speeds and would therefore spread
rather evenly around the planet in a period of only 10 to 20 yea
be extremely unlikely to catch such a brief and rare event in
Moreover, it had been five years since the arcs had been di
obviously the clumpiness was still there.

The outer ring's clumpiness must be relatively stable. It n
tively maintained. But how?

In trying to unravel the mystery of the arc-clumps
ring, ring theorists searched for similar systems among the
that might provide clues. The nearest approximation was th
Saturn, which appears braided or multistranded in pict
Voyager 1 and Voyager 2. There was certainly a substantial
density along the ring, although not nearly to the degree
tune's outer ring.

Still, as Tremaine observed, both Saturn'’s F Ring and Ne
ring are relatively far from their planets. Both are near the
Inside the Roche Limit, the tidal effects of a planet wouls

Voyager 2 at Neptune: Beyond Imagination
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. articles from accreting by gravity to form a moon. Outside the