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Halley’s Comet 209

Halley’s Comet: AD 1986 to 2647 BC

JOSEPH L. BRADY

Lawrence Livermore National Laboratory, University of California, Livermore, California 94550, USA

In earlier predictions of the apparitions of Halley’s Comet, a three- or four-day error, always with the same sign, has
appeared consistently. By adding a secular term to the Newtonian equations of motion it has been possible to link the
apparitions of 1910, 1835, 1759 and 1682 with a continuous numerical integration. This backward integration not only
represents the last four apparitions but also remains remarkably close to the observed times of perihelion passage for
more than 2000 years. The times of perihelion passage are compared to observed or derived dates back to 87 Bc, and
apparitions prior to 87 BC are compared with historical references whenever they could be found. The starting values
of this long integration have been used to make a forward integration and to predict the 1986 return.

INTRODUCTION

Edmond Halley, in one of the first applications of
Newton’s law of gravity, computed the orbits of 24
comets'. He noticed that the comets of 1682, 1607 and
1531 had similar orbits and, with incredible insight,
reasoned that the small differences in their periods
could be due to the effect of Jupiter. With this evi-
dence, Halley predicted that the comet of 1682 would
return again in 1758. His detractors claimed that he
purposely put the date beyond his possible lifetime so
that he would not have to face the failure of his arro-
gant prediction. Of course the comet did return,
being sighted on 1758 December 25. The periodicity
of comets had been established. This comet, now
known as Halley’s Comet, has returned twice (1835
and 1910) since Halley’s prediction. Historical
research has identified Halley’s Comet with other
earlier comet appearances.

Before the comet returned in 1758, its orbit was
computed more accurately by Clairaut?, who took
into account the effect of both Jupiter and Saturn.
Uranus, Neptune and Pluto had not yet been dis-
covered. Clairaut predicted 1759 April 13, but the
comet came to perihelion March 12, one month ear-
lier than expected. Of the several predictions for
1835, probably the best and certainly the most exten-
sive was Rosenberger’s?, which missed the time of
perihelion by four days. Neptune and Pluto had still
not been discovered. The 1910 return was predicted
by Cowell and Crommelin*, who missed the peri-
helion passage by three days. They had neglected
only Pluto which had not yet been discovered. In ear-
lier papers by Brady and Carpenter>®, details of the
next apparition of Halley’s Comet were discussed and
a perihelion passage of 1986 February 9.39474 was
predicted. Included was a search ephemeris begin-
ning in 1982.

If a prediction is to inspire confidence, the equa-
tions of motion upon which it is based should be as
consistent as possible with the laws of physics, and the
integration of the equations should be able to recover

the past appearances accurately. Heretofore, all
efforts to link more than two apparitions using New-
tonian equations have invariably failed. A three- or
four-day error, always with the same sign, appears
again and again in the orbit calculations for Halley’s
Comet. However, by adding a secular term to the
equations of motion, four apparitions (those of 1910,
1835, 1759 and 1682) were linked by a continuous
numerical integration, which represented the almost
5000 observations to the contemporary accuracy of
each apparition.*

When this integration was continued backward in
time, even earlier apparitions were recovered, in
most cases with a numerical accuracy greater than can
be found from an analysis of the ancient observa-
tional records. This backward integration produced a
4600-year record of Halley’s Comet; The calculated
elements for these apparitions back to 87 BC have
been published in the IAU Catalogue of Cometary
Orbits’. They are found in Table I, along with the
elements of 34 earlier apparitions not included in the
catalogue because identification with historical
records is uncertain. These elements may be of
interest to historians of science and astronomy if
further translations uncover new comet observations
or records.

INTEGRATION OF THE EQUATIONS OF MOTION

The integration of the equations of motion has been
discussed in an earlier paper®, but it will be helpful to
summarize the important points here. The work was
done on a CDC 7600 computer,t which has a 48-bit
word. The direct integration of the co-ordinates was

*For a discussion of the contemporary accuracy of each apparition,
see Table I of reference 5.

tReference to acompany or product name does not imply approval
or recommendation of the product by the University of California
or the US Department of Energy to the exclusion of others that
might be suitable.
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212 Halley’s Comet

used with a constant time step of 1/2 day. Using
Brouwer’s expression® and a proportionality constant
of 1/10, the buildup of round-off error after 200 years
is 2 X 108 Thus, the calculation still provides seven
good figures (better than modern observational accu-
racy). Even after 4000 years, the erroris only 5 X 108,
and six figures of accuracy remain. After 6000 years
five good figures remain, and the time of perihelion
passage can still be determined more accurately than
ancient records require.

In attempting to link more than two apparitions,
the classical Newtonian equations of motion were
soon found to be inadequate, even with all of the nine
known planets included. Because of this, an empirical
secular term was added to the comet’s equation of
motion. With the addition of this term, the differen-
tial equation for the comet became

&x

CE+eM[1-c(t-1)] 5= F,

J. Brit. astron. Assoc.

(and similarly for y and z), where k is the Gaussian
constant, M is the combined mass of the Sun and
comet, F, is the perturbation due to the combined
effects of all the planets, and € (¢—#) is the added secu-
lar term, with #, taken as the epoch of the starting
values and ¢ determined from the observation re-
siduals. These altered equations of motion were inte-
grated by a modification of Cowell’s method® with an
n-body codel0. The planetary starting values were
those of Lieske!!, with the planetary masses modified
according to Clemence’?.

With the addition of a free parameter such as e, it
should be possible to link three apparitions. How-
ever, this would not ensure the accuracy of the model
any better than linking two apparitions without the
parameter. Therefore, if we are to have confidence in
the altered equation of motion as a predicting device,
the comet’s initial conditions and ¢ must be deter-
mined in such a way as to link at least four adjacent

Table I1

Comparison of the Perihelion Dates as determined by Numerical Integration in the present work with those given
by Kiang'” and those given by Cowell and Crommelin*’

Apparition Reference Paraphrase of reference
—316 Oct. 15.783 20  Aristotle’s pupil, Theophrastus,
(317BC) refers to comets seen between

330 and 290 BC.

In 394 BC, a comet was seenin

Greece, followed by the great

Corinthian War.

20  Plinyrefers to “beams”, which

appeared when the Spartans were

defeated in the naval battle at

Cnidus in 394 BC. This is thought

to be a comet reference.

According to Pliny and Damachus,

about 465 BC an extraordinary

object appeared in the sky for 75

days. Also Ma-Tuoan-Lin speaks

of acomet in 466 BC which Pingré
considered identical with the object
visible in Europe in January.

21  Lubienietzki mentions a comet
seen over all of Greece for 75 nights
in 466 BC. In the same year Sparta
was nearly destroyed by an
earthquake.

23 Duringthe tenth year of Tsin Tsao
Kung (467 BC), a (hui) comet was
seen.

24 Obsequens, the 4th century Roman
chronicler of strange and unusual
events, tells of “burning skies”. This
is considered a comet metaphor.

25  Anaxagorasis quoted as stating

that for 75 days before the fall of

the great meteorite of 467 BC, “. . .

abody of extraordinary grandeur

was seen”’.

Xenophon of Colophon observed

acomet in the 540s.

Pingré believed that Jeremiah

referred to this comet, and he cites

the prophecy, “We shall see in the

West a star such asis called a comet

..,” asan historical record ofa
comet seen in 618 or 619 BC.

—392 Apr. 22.187 21

—467 July 16.047 2

—543 Apr. 10.566 26

—619 Oct. 5.166 27

Apparition Reference
—6190ct. 5.166 28

Paraphrase of reference

In autumn, during the seventh
month, in the 6th year of Chou
Chhing-Wang (614 BC), a (hui)
comet entered Pei-Tou (The Great
Bear).

26  About 626 BC, Jeremiah (1:2) saw

avision of a seething cauldron.
This is thought to be a metaphoric
’ description of a comet.

—693 Nov. 1.657
—768 May 13.793
—3844 Dec. 29.453
—917Oct. 31.780
—992 Mar. 15.392 29  Gunnar Norling considers the
‘angel’ seen at the site of King
David’stemple in Jerusalem as a
bright comet. He adopts 989.8 BC
asthe foundation date of the
temple. If the comet appeared in
993 BC, this would allow 3.2 years
to build the temple, which is more
reasonable than the 20 years
needed to fit previous predictions.
A comet appeared at the time King
‘Wu-Wang waged war against King
Chou. The exact date is an open
question, but dates from 1122 to
1030 have been suggested, with
1055 BC as the most probable.
G. Smith, in his History of
Babylonia, reports that at the time
that Nebuchadnezzar invaded
Elam, there appeared an enormous
comet, the tail of which stretched
like a great reptile from the north
to the south of the heavens.
32 A.H.Sayce, in his Babylonian
Inscriptions, gives the following
account of a comet seen during the
campaign in Elam about 1140 BC:
“...astar arose whose body was
bright like the day, while from its
luminous body a tail extended, like
the tail of a scorpion”.

—1068 July 13.667 30

—1142 Apr. 15.504 31
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apparitions. An iteration process, which slowly con-
verged, was used to reduce the observation residuals
to contemporary accuracy for the last four appari-
tions (1910, 1835, 1759 and 1682).* The starting
values so determined and the plots of all the observa-
tions were shown in an earlier paper’. This orbit not
only represents the last four apparitions but also
remains remarkably close to the observed times of
perihelion passage for more than two thousand years.

No matter how well the integration fits the past
apparitions, it can be argued that whatever is causing
the comet to deviate from Newtonian motion need
not persist in the future (or at least need not persist in
the manner implied by the added empirical term).
However, the degree of confidence placed in the
model should somehow be related to the length of
time the model will fit the observed apparitions, and
in this case, the length of time is more than two mil-
lennia.

The purpose of the secular term is to provide accu-
rate predictions, both forward and backward in time,
and this it appears to do. However, as used here, it
has no reasonable gravitational interpretation and,
therefore, must be labelled a non-gravitational force.
It may then be directly related to F. L. Whipple’s!?
icy-conglomerate model which, at present, is the
most widely accepted way of accounting for the
anomalous motion observed in many comets.

THE ELEMENTS OF HALLEY’S COMET:
AD 1986 TO 2647 BC

From the numerical integration of the orbit, a set of
co-ordinates and velocity components of the comet
was selected at an epoch as close as possible to the
time of each perihelion passage. These co-ordinates
and velocity components were transformed into the
‘angular elements shown in Table I. The data are com-
pletely consistent with a continuous integration using
the following seven starting values:

Epoch of osculation = 2419326-5

xo = —5-75607 81727 009

Yo = +2-86170 47119 960

zp = —0-88525 09134 848

xo = —0-00614 90168 10270 2

Yo = +0-00606 94356 81837 6

2y = —0:00020 74564 47430 7

€ =2-6350 x 10°°
The accuracy of the data in Table I is such that an
ephemeris can be constructed for any desired appari-

*Only these four apparitions are telescopic. However, a few of the
pre-telescopic observations are of relatively high accuracy, particu-
larly the 1607 observations of Kepler (referred to by Bessel as little
gold nuggets), the 1531 observations by Peter Apian, and the 1456
observations by Paolo Toscanelli.
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tion to check historical records of ancient observa-
tions.

COMPARISON OF THE INTEGRATED TIMES OF
PERIHELION PASSAGE WITH OBSERVATIONS

The first comprehensive compilations and transla-
tions of Chinese astronomical observations were
done by Biot!* and Williams!®. Recently, Ho Peng
Yoke'éimproved, corrected and extended these early
catalogues. Kiang'?, using a combined computational
and graphical method, derived the time of perihelion
passage for apparitions back to 240 BC. Kiang’s
method is mainly a refinement of the method
developed by Cowell and Crommelin'® over half a
century ago. At each apparition, Kiang made a cor-
rection of the perihelion time using the observational
record. These perihelion times may be regarded as in-
dividual perturbed orbit calculations and are, in a
sense, observational data. Undoubtedly some of
these dates can still be improved, but on the whole the
method is far more rigorous than that used by Cowell
and Crommelin’®.

Table II shows a comparison of these two sets of
perihelion dates with those obtained from the con-
tinuous numerical gravitational theory discussed
herein. The column headed AT (Brady — Kiang) is
the difference between the perihelion dates in Table I
and those given by Kiang!” in his Table V. The column
headed AT (Brady — C. & C.) is the difference
between the perihelion dates in Table I and those
given in the BAA Catalogue of Cometary Orbits
1960%, which, with a few exceptions, are the work of
Cowell and Crommelin. Individual references for
these dates may be found by consulting the BAA
catalogue.

APPARITIONS PRIOR TO 241 BC

Table IIT lists the calculated dates of perihelion
passage for apparitions prior to —240 (241 BC). Liter-
ary and historical references to comets seen at or near
the computed time of the apparition are cited and
paraphrased to add support to the predictions20-32,

There are probably enough bright comets in any
century to lend historical support to some other set of
computed dates derived by a different method.
Nevertheless, it is hard to imagine a comet as bright as
Halley’s going unnoticed. If the computed dates con-
tained in Table III are close to reality, the phenome-
non must have been observed at the calculated time.
Of course, there is always the question of whether an
apparition was recorded and whether the record has
been found and translated. Even if the record is
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Table III

Perihelion Passage Dates for Apparitions Prior to 241 BC

Year of AT AT
apparition (Brady — Kiang) (Brady-C. & C.)

days days
1910 0-00 0-00
1835 0-00 0-00
1759 0-00 0-00
1682 +0-02 0-00
1607 —0-26 +0-08
1531 +0-30 —0-20
1456 +0-37 +0-77
1378 +2:35 +2-10
1301 +3-52 +3-70
1222 —1-88 +19-12
1145 —3-64 —-1-14
1066 —3.78 —7-48
989 —5-51 +0-49
912 +7-59 —2-41
837 +0-88 +2-88

Year of AT AT
apparition (Brady — Kiang) (Brady-C. & C.)

days days
760 —0-22 —20-22
684 +8-73 —30-27
607 +5-70 —1-80
530 +2-19 —49-11
451 +1-79 =771
374 —2-94 —0-44
295 +2-54 +15-54
218 +10-56 +51-56
141 +21-74 +16-24
66 +24-97 +24.97
—11 +3-64 —0-66
—86 —22-60 —35-60
—163 —104-62 —331-62
—240 —118-36 —165-36

found, it is sometimes difficult to recognize the
cometary metaphor.

Also, it should be remembered that most comet
observations prior to 1835 were made from the north-
ern hemisphere where an apparition can often be
poor because of the geometry of the orbit. For exam-
ple, after perihelion in 1835, when Halley’s Comet
had disappeared in Europe, Sir John Herschel saw it
as a spectacular and bright object from the southern
hemisphere?.

It is customary to use the Julian calendar for dates
before AD 1582, and this custom has been followed in
Tables 1 and III. However, for remote dates,
especially those mentioning seasonal events, it would
seem better to usg\the Gregorian calendar, which
would be in agreement with the Sun. According to
Bickerman34, even the Julian calendar is of little use
prior to AD 8, because after Julius Caesar’s death (44
BC), the pontifices erroneously inserted the inter-
calary day every three years instead of every four so
that by 9 BC, Augustus had to omit the intercalation
for 16 years to correct the error. This is only a small
error with respect to the Sun, but in 46 BC the differ-
ence between the Roman calendar and the Sun was
very large. For example, the solar eclipse of 190 BC
March 14 was sighted in Rome on July 11, and the
lunar eclipse of 168 BC June 21 was seen on
September 4. To bring the months back to their right
seasons, Julius Caesar abandoned the Roman calen-
dar, inserted 90 days, and instituted his Julian
calendar.

In general, few of the BC observation dates should
be considered as anything but approximations. The
conversion of dates in the many calendars of histori-
cal times to their exact equivalents in the Julian or
Gregorian calendar is very difficult and often impos-
sible. Bickerman® warns that when converting Greek

or pre-Julian dates to the Julian calendar, the cer-
tainty is only to the approximate season. In convert-
ing Near Eastern dates, except for the Babylonian
cyclical calendar or the Egyptian calendar, the error
beyond 900 BC increases to 10 years or more in the
14th century BC, to 50 years in the 17th century BC,
and to 100 years on earlier dates. Therefore, the
observation of an ‘extraordinary object’ visible to
Damachus and Pliny in January and February of
about 465 BC? should not necessarily appear in con-
tradiction with a comet of which Ma-tuoan-lin
speaks, visible in 466 BC; and, indeed, Pingré con-
siders the two to be identical.
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