
19
81

M
N

R
A

S.
19

7.
.6

33
Y

 

Mon. Not. R. astr. Soc. (1981) 197, 633-646 

The long-term motion of comet Halley 

Donald K. Yeomans Jet Propulsion Laboratory, 264-664, Pasadena, 
California 91109, USA 

Tao Kiang Dunsink Observatory, Castleknock, County Dublin, Republic of Ireland 

Received 1981 March 11 

Summary. The orbital motion of comet Halley has been numerically integrated 
back to 1404 BC. Beginning with an orbit based upon the 1759, 1682 and 
1607 observations of comet Halley, our numerical integration was run back in 
time with full planetary perturbations and non-gravitational forces taken into 
account at each 0.5 day time-step. The non-gravitational forces were assumed 
due to the rocket effect of an outgasing water ice nucleus. Small empirical 
corrections were made to the computed perihelion passage time in 837 and to 
the osculating orbital eccentricity in ad 800. In nine cases, the perihelion 
passage times calculated by Kiang from Chinese observations have been rede- 
termined; we have used the unusually accurate observed perihelion passage 
times in 837, 374 and 141 to constrain the computed motion of the comet. 
Osculating orbital elements are given at each apparition from 1910 back to 
1404 BC. 

The dynamic model used to compute the long-term motion of comet 
Halley successfully represented the ancient Chinese observations over nearly 

two millennia. This model assumed the comet’s non-gravitational forces 
remained constant from one apparition to the next. Hence it seems likely that 
comet Halley’s spin axis direction and ability to outgas has also remained 
relatively constant with time over its observed interval. 

‘You see therefore an agreement of all the Elements in these three, which would 
be next to a miracle if they were three different Comets... . Wherefore, if according 
to what we have already said it should return again about the year 1758, candid 
posterity will not refuse to acknowledge that this was first discovered by an 
Englishman.’ 

E. HALLEY (1752) 

1 Introduction 

After what he termed a ‘prodigious deal of calculation’, Halley (1705) published parabolic 
orbital elements for 24 well-observed comets. He noted the similarities in the orbits for the 
comets of 1682,1607 and 1531 and published the first correct prediction for the return of a 
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634 D. K. Yeomans and T. Kiang 

comet. Although the poor observations did not allow an orbit solution, Halley noted that 
the comet of 1456 resembled the same periodic comet because it passed retrograde between 
the Earth and Sun. 

Pingré (1783—1784) used additional observations of the comet of 1456 to determine its 
perihelion passage time. He then assumed the remaining orbital elements were those of 
comet Halley and noted the similarity between the computed and the observed motion of 
this comet. Pingré thus confirmed Halley’s suspicion that the comet of 1456 was an earlier 
apparition of the famous comet. Using Chinese observations, Pingré computed crude orbits 
for the great comet of 837 and the first comet of 1301, but failed to recognize them as 
comet Halley. 

Using a mean period for comet Halley to step backward in time, Biot (1843b) attempted 
to identify previous apparitions of comet Halley using ancient Chinese observations. Aware 
of the crudeness of his method, he outlined several sets of possible Chinese observations 
around the time of each extrapolated time of perihelion passage back to 65 bc. Biot also 
pointed out that an orbit computed by Burckhardt (1804) for the comet of 989 closely 
resembled that of comet Halley. 

Using Chinese observations from Biot (1843a), Laugier (1843) recognized a comet seen in 
the Autumn of 1378 as an earlier apparition of comet Halley. Laugier used Chinese observa- 

tions to compute the comet’s perihelion passage time. He then assumed the remaining orbital 
elements were similar to comet Halley’s and computed the resultant apparent path of the 
comet. This computed apparent path and the observed path were enough alike to allow a 
correct identification of the Chinese observations with comet Halley. Laugier (1846) used a 
similar technique to correctly identify apparitions of comet Halley in 760 and 451. Concerning 
the 1301 apparition of comet Halley, Laugier (1842) based an orbit on a Chinese observation 
for 1301 September 16 and two observations made in Cambridge, England on September 30 

and October 6 of that year. Although four of the five parabolic orbital elements resembled 
those of comet Halley, he was prevented from making a definitive identification because of a 
poorly determined longitude of the ascending node. 

By stepping backward in time at roughly 76—77 yr intervals and analysing European and 
Chinese observations, Hind (1850) attempted to identify apparitions of comet Halley from 
1301 to 11 bc. Approximate perihelion passage times were often determined directly from 
the observations and an identification was suggested if Halley-like orbital elements could 
satisfy existing observations. Although many of Hind’s identifications were correct, he was 
seriously in error for his apparitions of 1223,912, 837, 608,373 and 11 bc. 

Until the 20th century, all attempts at identifying ancient apparitions of comet Halley 
were done by either determining orbits directly from the observations or by stepping back in 
time at approximate 76 yr intervals and testing the observations with the assumed (com- 
puted) motion of comet Halley. Using a variation of elements technique, Cowell & Crommelin 
(1907) began the first effort to actually integrate the comet’s equations of motion backward 
in time. They assumed that the orbital eccentricity and inclination were constant with time 
and the argument of perihelion and the longitude of the ascending node changed uniformly 
with time — their rates being deduced from their accepted values over the 1531—1910 inter- 
val. By using Hind’s (1850) times of perihelion passage or by computing new values from the 
observations, they deduced preliminary values of the orbital semi-major axis for the pertur- 
bation calculations. First-order perturbations for the comet’s period were then computed 
taking into account the effects of Venus, Earth, Jupiter, Saturn, Uranus and Neptune. The 
motion of the comet was accurately carried back to 1301. Using successively more approxi- 
mate perturbation methods, Cowell & Crommelin (1907,1908a—d) carried the motion of the 
comet back to 239 bc. By 239 bc their integration was in error by nearly 1.5 yr in the pre- 
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The long-term motion of comet Halley 635 

dieted time of perihelion passage time. For their earliest apparition, they adopted a time of 
240 BC May 15 not from their integration but directly from the observations themselves. 

According to Kamienski (1956), the perihelion passage times of comet Halley were com- 
puted from 451 back to 622 bc by M, A. Viliew. Using Viliew’s perihelion passage times 
from 622 bc to 451 and those of Cowell & Crommelin from 530 to 1910, Kamienski (1957) 
fit a Fourier interpolation formula to the orbital periods and while the formula fits the data 
used to generate it, extrapolation outside the data arc is hopeless. Much as Angstrom’s 
(1862) similar analysis failed to predict the 1910 perihelion passage time by 2.8 yr, 
Kamienski’s (1962) prediction for the next return (1986.88) will be in error by nine months. 
In the absence of a dynamical model for the comet’s motion, it is unrealistic to investigate 
the past or future apparitions of comet Halley by using such empirical formulae. 

After a complete and careful analysis of the European and Chinese observations, Kiang 
(1971) used the variation of elements technique to investigate the motion of comet Halley 
from 1682 back to 240 bc. By considering the effect of perturbations from all the planets 
on the orbital elements, Kiang was able to determine accurate perihelion passage times and 

confirm Michielsen’s (1968) suggestion that non-gravitational forces are responsible for a 
deceleration in this comet’s mean motion amounting to slightly more than 4 day/(period)2. 

Hasegawa (1979) also empirically determined perihelion passage times for comet Halley. For 
each apparition from 1378 back to 240bc, Hasegawa computed several ephemerides using 

Kiang’s (1971) orbital elements, except for the perihelion passage times which were chosen 
to make the best fit with the observations. 

Brady & Carpenter (1971) were the first to apply direct numerical integration to the 
study of comet Halley’s ancient apparitions. Using an empirical secular term in the comet’s 
equations of motion to account for the non-gravitational effects, an orbit fitted to observa- 
tions of the last four apparitions was run back to 87 bc in one continuous integration. 
Orbital elements for each apparition are given by Marsden (1975). The agreement between 
their computed times of perihelion passage and the observed times given by Kiang (1971) 
was quite satisfactory from 1682 back to 218. However, as their backward integration 
continued, the divergence between observed and computed times of perihelion became quite 
apparent beginning with the 141 apparition. In 141, the actual comet passed within 0.17 au 
of the Earth and experienced perturbations somewhat different from their ‘computed’ 
comet. Because their integration was tied to no observations earlier than 1682, the slight 
differences between the actual and computed motion of the comet were magnified by the 
Earth—comet close approach in 141. 

Using Brady & Carpenter’s (1971) orbit for comet Halley, Chang (1979) integrated the 
comet’s motion back to 1057 bc . However, this integration was not based upon any observa- 
tions prior to 1909 nor were non-gravitational effects taken into account. 

A non-gravitational force model, based upon the rocket effect of an outgassing cometary 
nucleus has been developed by Marsden, Sekanina & Yeomans (1973). Yeomans (1977) 
used this non-gravitational force model to successfully represent the observations of comet 
Halley over the 1607—1911 interval. An orbit based upon the 1682, 1759 and 1835—36 

observations was numerically integrated backward in time to 837. Due to a close approach 
of the comet with the Earth in 837 (minimum separation = 0.04 au) no attempt was made 
to continue the integration prior to 837. 

Although a direct numerical integration technique is the only method available for 
investigating the motion of comet Halley beyond the well-observed interval, every effort 
must be made to tie the integration to the ancient observations. When integrating the comet’s 
motion over severe perturbations caused by comet—Earth close approaches, particular care 
must be taken to rectify the comet’s computed motion with observational data. The remainder 
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636 D. K. Yeomans and T. Kiang 

of this paper will outline the technique we used to include the ancient Chinese observations 
in our integration of the motion of comet Halley back to 1404 bc . 

2 A redetermination of comet Halley’s times of perihelion passage using Chinese observations 

A Chinese record of comet Halley typically contains a date and a mention of the lunar 
mansion in which the comet is seen. The date can be converted into a Julian calendar date 
without ambiguity and the lunar mansion can be identified with some definite range in right 
ascension. Some records specify the right ascension more precisely by stating the number of 
degree (du), or even fractions thereof, within the lunar mansion. Only occasionally is the 
position referred to individual stars. Hence the Chinese observations can usually give a good 
determination of the time of perihelion passage, To, and only a very weak determination of 
the other orbital elements: in this sense they nicely complement the results from dynamical 
model calculations, which more weakly determine the time of perihelion passage. 

Accordingly, in a previous work (Kiang 1971), r0 was determined as far as possible from 

the Chinese records while the other elements were calculated according to a purely gravita- 

tional model. We have now re-examined the Chinese material and made some new determina- 
tions of T0, complete with error bounds. The new results are given in Table 1. 

The re-examination was prompted by three considerations. First, there was the question 
of the date of a morning observation. In the earlier work, it was assumed that, in general, the 
date changes at midnight so that any observation made during the second half of the night 
would be given the new date. However, a recently completed study (Kiang 1980) using over 
100 lunar occultation records, has shown that only 15 per cent of such events were dated 
with the new dates, and these few tend to come from certain particular dynastic volumes 
and are found almost exclusively amongst the observations made after 3 am local time. It 
thus appears the Chinese practice was closer to the Korean practice of dating all such obser- 
vations with the old date (Saito, private communication) than to the Japanese tradition of 

making a fairly neat divide at the 3 am mark (Saito 1979 and private communication). In 
the present work, all the observations pertaining to the second half of the night are assumed 
to be dated with the old date. (The time of dawn, for example, would be the Julian calendar 
date plus 0d.9 approximately.) A second consideration arose out of a search for additional 
information through the imperial biographies, as distinct from the astronomical chapters, 
contained in the 25 standard dynastic histories. Although no great hope was entertained, 

Table 1. Perihelion passage times determined from Chinese observations. 

Return 

1301 

1222 

1145 

1066 

912 

837 

530 

374 

141 

ATo 
Mean Correction To 

Kiang (1971) Values of T0 
(days) 

+1. 15 

-0.7 

-0. 75 

-0.3 

0.0 

+0. 77 

+ 1.5 

^1.4 

+2.35 

T0 (This Paper) 

1301 Oct. 24.53 ± 0.25 

1222 Oct. 0. 8 ± 1.7 

1145 Apr. 21.25 ± 0. 75 

1066 Mar. 23.5 ± 0-3 

912 Jul. 9.5 ± 1.4 

837 Feb. 28.27 ± 0.05 

530 Sep. 26. 7 ± 0.2 

374 Feb. 17.4 ±0.6 

141 Mar. 22.35 ± 0.25 
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637 The long-term motion of comet Halley 

two very useful records did turn up for the 1066 return. Thirdly, Kanda’s (1935) monograph 
on Japanese astronomical source material has recently been reprinted, making it possible for 
these records to be examined in the original. 

The redetermination of r0 proceeds as follows. Using the orbital elements given in Table V 
of Kiang’s (1971) paper, and an assumed value of Ar0 representing the correction to the 

tabulated time of perihelion passage, the right ascension, declination, altitude and azimuth 
of comet Halley are calculated for ‘nightfall’, midnight and the following ‘dawn’ of each 
stated date. ‘Nightfall’ and ‘dawn’ are defined to be the times when the Sun is 6° below the 
horizon. (The value of 6° was found to give more consistent results than the value of 12° 
used in some previous calculation, when checked with the recorded ‘fading into the evening 
twilight’ of the comet on 12 bc October 20 and 1222 October 23.) It is then easily seen 
whether during the time of night when the comet is up, its position is or is not consistent 
with the recorded position. More precisely each observation provides an upper and a lower 
limit in A To as follows: let ol+ and a- be the limiting RA of the observed lunar mansion (or 

the observed RA plus or minus an assumed tolerance) and let acal = 0^ (Ar0) be the curve 

of the calculated RA for the stated day and for varying ATV This particular observation 

then defines a lower limit in AT0 where acal crosses a+ from above (!) or a~ from below 
(t) and it defines an upper limit where acal crosses ol+ from below (t) or a"“ from above (!). 
From the set of observations of a given return, we then take the largest of all the lower limits 
to be the lower limit and the smallest of the upper limits to be the upper limit, and call the 

observation(s) involved the crucial observation(s). The midpoint between the lower and 
upper limits is taken to be the mean correction, and half their distance apart, the error 
bound. The results are given in Table 1. 

It may be noticed that the error bounds for different epochs are very different. The 
difference in observing accuracy is only one contributing factor here; a more important 
factor is whether there are any observed positions at times when the apparent motion is 
large. Such observations are highly sensitive to any assumed value of AT0. 

A list of crucial observations that define the limits in Ar0 now follows. For the returns of 
1301,837, 530,374 and 141, the crucial observations were all ‘morning’ observations and so 
the change in the dating convention is mainly responsible for their systematically positive 

A7V It is understood that all other observations not mentioned in the list are consistent 
with the values of AT0 delimited by these crucial observations. AT0 is in units of days 
throughout. 

Return of 1301. The comet is said to be at 24 du 40 fen (1 du = 360°/365.25 = \00fen) 
of Jing-22 (Lunar Mansion 22, i.e. the right ascension range defined by ¡jl Gem and 0 Cnc) 
on September 16. We interpret this to mean: «(September 16) = 109°.23 ± 0°.20. We find: 
at Ar0= +0.90, «(September 16)> 109°.43 !;at Ar0= +1.40,«(September 16) < 109°.04 !. 
Hence, we adopt AT0= + 1.15 ± 0.25. 

Return of 1222. On September 10, the comet is seen between Yousheti (17 Boo) and 
Zhouding (ß Com). Interpretation: 188°.6 < «(September 10) < 199°.4, ô ~ 25°. We find: 
at AT0 = —2.4, « = 199°.3 !; at Ar0= + 1.0, « = 188°.6 !. Hence we adopt T0= —0.7 ± 1.7. 

Return of 1145. On April 14, comet is in Shen-2\ (ß Ori, ¡jl Gem). Interpretation: 72°.l < 
«(April 14) < 82°.8. We find: at Aro=-1.50, « = 82°.8!; at Ar0=0.00, « = 720.1 !. 
Hence adopt AT0 = — 0.75 ± 0.75. 

Return of 1066. The Biography of Emperor Yingzong in the History of Song Dynasty 

provides two positions not generally known before: on April 24, comet is inMzolS (17 Tau, 
e Tau); on April 25, in Bi-\9 (e Tau, «^Ori). Interpretation: 42°.7 < «(April 24) < 53°.7, 
53°.7 < «(April 25) < 71°.0. We find: at Aro=-0.6, «(April 25) = 71°.0!; at Aro=0.0, 
« (April 24) = 42°.7 !. Hence adopt T0 = - 0.3 ± 0.3. 
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638 D. K. Yeomans and T. Kiang 

Return of 912. On July 12, comet is in Zhang-26 (i/Hya, ^Hya); on July 14, it is W. of 
Lingtai (xLeo). Interpretation: 134°.8 < «(July 12) < 151°.?, «(July 14) < 152°.0. We find: 
at Ar0=-1.4, «(July 14)= 152°.(H; at A7,

0= + 1.4 «(July 12)= 134°.81. Hence adopt 
Aro = 0.0±1.4. 

Return of 837. On April 8,comet is at du 4 of Nyu-10 (e Aqr, ß Aqr); on April 9, at du 10 
of Dou-% (0 Sgr, ß Gap). There are eight other dated positions given nominally to one-half of 
a du (~ 0°.5). Interpretation: «(April 8) = 300°.0± 1°.5, «(April 9) = 273°.2± 1°.5. The 
very rapid motion on these dates allow a precise determination: at Ar0 = + 0.72, « (April 8) = 
298.5 Î; at Ar0= +0.82, «(April 9) = 274.7 1. In the range +0.72 < àT0 < +0.82, all the 
10 recorded positions, except one whose text is suspect anyway, are reproduced to within 
1°.5. Hence adopt A71

0=+0.77 ± 0.05. 
Return of 530. On September 1, comet at 1 Toot’ NW of ^UMa. Interpretation: located 

between 0°.5 and 2°.0 NW of (148°.7, 40°.7). We find that this requires +1.3 < Ar0< 
+ 1.7. Hence we adopt r0 = +1.5 ± 0.2. The record on August 29 remains garbled as before. 

Return of 374. On April 2, comet is in Z)/-3 (« Lib, tt Sco). Interpretation: 200°.9 < 
« (April 2) < 216°.l. We find: at Ar0 = + 0.8, « (April 2) = 200°.91 ; at Ar0 = + 2.0, « (April 
2) = 216°.0t. Hence adopt Ar0 = +1.4 ± 0.6. 

Return of 141. On April 16, comet is at 1 of Kui-15 (f And, ß Ari); on April 23, it is 

in Jing-22 (/x Gem, d Cnc). Interpretation: 348°.6 < «(April 16) < 350°.l, 67°.9 < «(April 
23) < 100°.7. We find: at Ar0 = +2.1,«(April 16) = 350°. 11; at Ar0 = +2.6, «(April 23) = 
+ 67°.91. Hence adopt Ar0=+2.35 ± 0.25. 

3 Planetary coordinates 

In order to accurately compute the planetary perturbations on the motion of comet Halley, 

planetary coordinates were required over an interval of three millennia. In a previous work, 
Yeomans (1971) used planetary coordinates (1800—2000) supplied by Lieske (1968). In a 
subsequent work on the orbital motion of comet Halley, Yeomans (1977) used an /i-body 
integrator by Schubart & Stumpff (1966) and extended the planetary coordinates back to 
1600. 

For the present study, planetary coordinates were required over a period of three millennia 
(+1600 to — 1600). Although the previous integration of the solar system (1600—2000) was 
strictly Newtonian, the relativistic advance of Mercury’s perihelion over 32 centuries amounts 
to nearly 23 arcmin. A full relativistic planetary integration computer program, designed at 
the Jet Propulsion Laboratory by Newhall (1977, private communication), was modified to 
run with Newtonian equations of motion but using a relativistic potential for the Sun. The 
Earth—Moon barycentre was integrated as a point mass. H. Fliegel (1977, private communi- 
cation) determined accurate starting conditions for the Earth—Moon system by an analytic 
and iterative technique and starting conditions for the remaining eight planets were taken 
from the JPL planetary Development Ephemeris — DE 97 (E. M. Standish 1977 private com- 
munication). The planetary numerical integrator employed a variable order Adams scheme 
with variable step size control. The absolute, total velocity error at each step was constrained 
to less than 10_13au day-1. 

A sequence of magnetic tapes was generated from the numerical integration program. 
Each tape covered an interval of approximately 400 yr with planetary coordinates given at 
4-day intervals for all nine planets. These heliocentric, rectangular planetary coordinates 
were referred to the mean equator and equinox of 1950.0. At the completion of the numerical 

integrations, consistent planetary coordinates were available for all planets at 4-day incre- 
ments over the period —1600 to + 2000. 
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640 D. K. Yeomans and T. Kiang 

For each 400-yr integration, one or more dates were selected at which to compare these 
numerically integrated planetary coordinates with analytically computed positions (see 
Table 2). For the period prior to 601 bc, the analytically computed tables of Stahlman & 
Gingerich (1963) were used for comparison; after 601 bc, those of Tuckerman (1964) were 
used. The former work tabulated only planetary longitudes to the nearest degree; the latter 
work tabulated both longitude and latitude to 0°.01. In order to effect a comparison between 
our numerically integrated planetary coordinates and the analytically computed coordinates, 
our heliocentric, rectangular, coordinates referred to the mean equator and equinox of 1950.0 
were transformed to geocentric, celestial latitude and longitude referred to the mean 
equinox of date. In the transformation from our epoch (0h et) to their epoch (16h ut), 
we assumed the (et-ut) correction amounted to 29 s of time per (century)2. This value 
was generally accepted at the time Tuckerman (1964) published his tables. 

The maximum differences between the analytical, planetary positions and the present 
numerically integrated, planetary positions were for Saturn’s longitude and latitude (see 
Table 2). The discrepancies are approximately equal to the stated errors in the analytical 
tables. We believe the discrepancies noted in Table 2 are primarily due to the approximate 
nature of the analytical calculations. In any case, the generated planetary coordinates are 
more than accurate enough for our present perturbation calculations. 

4 The motion of comet Halley integrated back to 1404 bc 

With accurate initial conditions and planetary coordinates, it is theoretically possible to 
numerically integrate the motion of comet Halley for several centuries. However, the slight 
errors inherent in the initial conditions result in discrepancies between the computed and 
actual motion of the comet. The dominant error is the uncertainty in the computed times of 
perihelion passage. Hence the perihelion passage residual (AT) is an excellent monitor for the 

accuracy of a computed orbit. The task of integrating the motion of comet Halley over a 
long period of time would be relatively straightforward were it not for occasional severe 

perturbations due to the Earth. These Earth—comet close approaches often have the effect 
of magnifying the computed position uncertainty. Unless the computed and actual comet 
positions are identical, the perturbation will be quite different for the computed and actual 
comet. Although Earth—comet close approaches can magnify the error of the computed 
comet’s position, a close approach will generally result in excellent position observations of 
the comet. As is evident from Table 1, the Earth close approaches of 1301, 837 and 374 

resulted in well observed apparitions, and hence well determined times of perihelion passage. 

As will become apparent, the Earth—comet close approaches not only present a dynamical 
problem, but they also allow the accurate, observations required to overcome the problem. 

For the majority of well observed short period comets, obvious non-gravitational acceler- 
ations are affecting their motions. By assuming that these non-gravitational accelerations are 
due to the rocket effect of outgassing volatiles from an icy-conglomerate nucleus (Whipple 
1950), these non-gravitational accelerations have been successfully modelled by Marsden et 
al. (1973). The mathematical form of these non-gravitational effects, in the cometary 
equations of motion, represents an empirical fit to a theoretical plot of water-snow vaporiza- 
tion flux as a function of heliocentric distance. The magnitude of the radial and transverse 
non-gravitational acceleration, affecting the motion of a particular comet, is indicated by the 
radial {Ax) and transverse (A2) non-gravitational parameters. Parameters denoted B2 and t0 are 
used to introduce a time dependence in the transverse term. For comet Halley over the 
1607—1911 interval, Yeomans (1977) found that the non-gravitational acceleration was 
consistent with the outgassing rocket effect of a water-ice cometary nucleus. The transverse 
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The long-term motion of comet Halley 

Table 3. Non-gravitational orbits for comet Halley after Yeomans (1977). 

Orbit 
No. 

Observation 
Interval Solve for1 

Mean 
Residual At x 10 

Nongravitational Parameters 

x 108 

641 

1911-1759 

1836-1682 

1759-1607 

1911-1682 

1911-1682 

A1’A; 
A„,A, 

2 ’ ^9 
A2’B2 
Al-A2-B2 

ll'.'O 

i9':i 

4 8'.'6 

13'.'6 

13'.'4 

0.2799 

1.1746 

0.2767 

0.1787 

0.0159 

0.0150 

0.0150 

0.0159 

0.0159 

-0.0115 

-0.0112 

1911 Oct. 15. 

1911 Oct. 15. 

Differential correction solving for six initial conditions and listed nongravitational parameters. 

non-gravitational acceleration, which dominates the non-gravitational changes in the orbital 
energy, appeared to be time independent. 

In an effort to determine whether the transverse non-gravitational acceleration affecting 
the motion of comet Halley was changing over long periods of time, Yeomans (1977) 
numerically integrated three different orbits backward in time to 837. These three orbits are 
numbered 2, 4 and 5 in Table 3. By comparing the computed times of perihelion passage 
with the observed values given by Kiang (1971), orbit 2 was found to be the most successful 
integration. However, in 837, the residual between the observed and computed times of peri- 

helion passage amounted to AT =+5.11 day when compared to the value in Table 1. 
For the present work, orbits 1 and 3 were also integrated back to 837 and the computed 

times of perihelion passage compared with the observed values given in Table 1 of this paper. 
In the present work an efficient numerical integration program (Yeomans 1977) was employed 
and all cometary integrations were run at a constant 0.5 day step size. Although orbit 
number 1 did not improve upon the previously integrated orbit number 2, orbit number 3 
did manage to improve the computed time of perihelion passage in 837. Orbit 3 required a 
correction of only —0.88 day to bring the perihelion passage time into agreement with the 
observed value given in Table 1. Hence it was decided to continue the backward integration 

with orbit 3 instead of orbit 2. Before the integration of orbit 3^was continued backward, 
the osculating perihelion passage time was given an empirical correction of —0.88 day at 
epoch 2026840.5 (JD). Even with this empirical correction in 837, the severe perturbation 
due to the Earth close approach caused a divergence of the computed and observed times of 
perihelion passage as the integration was continued back prior to 837. In an attempt to 
reduce this discrepancy, the empirical perihelion passage time correction was altered slightly. 

However, only a modest improvement in the AT residuals was possible with reasonable 
adjustments to the 837 perihelion passage time. 

It was then decided to try an empirical adjustment to the osculating eccentricity in an 
effort to force the computed motion of the comet through the unusually accurate perihelion 
passage times in 374 and 141. At epoch = 2013000.5, the osculating eccentricity was itera- 
tively adjusted until the difference between the observed and computed times of perihelion 

passage reached a minimum for the 374 and 141 apparitions. The optimum adjustment of 
the eccentricity was only — 7.2x 10"6. Now with this eccentricity adjustment at epoch = 
2013000.5, the integration was continued back to 1404 bc without further rectification. 
The eccentricity adjustment was made at epoch = 2013000.5 (ad 800) and not at epoch = 
2026840.5 (ad 837) because it was more convenient to do it that way. The planetary coor- 
dinate tapes were written for 400 yr each and the tape break occurred between epochs 

21 
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642 D. K. Yeomans and T. Kiang 

2026840.5 and 2013000.5. Hence to adjust the eccentricity in 837 and integrate back to 
400 would have required two tapes and two separate computer runs. 

Hence orbit 3 of Table 3 was integrated backward from ad 1607 to 1404 bc with 
empirical perihelion passage time and eccentricity corrections being made in 837 and 800 
respectively. Table 4 presents the final orbital elements from 1910 back to 1404 bc. The 
orbital elements for 1759—1910 are based upon orbit 1, the remaining elements are based 
upon orbit 3. Calendar dates prior to 1582 are based upon the Julian calendar, those dates 
after 1582 are based upon the Gregorian calendar. All dates are in ephemeris time and a 
given period is an osculating period referenced to the epoch time. The angular elements 
are in degrees and referred to the ecliptic of 1950.0. 

The Earth—comet close approach which took place on 837 April 11 (minimum separation 
= 0.04 au), enlarged the differences between the computed and actual motion of the comet 
so that empirical corrections were required before the computed motion of the comet could 
be continued back beyond 837. Earth—comet close approaches also took place on 607 April 

19 (0.09 au), 374 April 2 (0.09 au) and to a lesser extent on 141 April 22 (0.17 au). 
Rather than allowing the severe perturbations to increase the discrepancy between the 

computed and actual motions of the comet, we greatly reduced this discrepancy by using the 
accurately observed perihelion passage times in 374 and 141 to determine an empirical 
correction to the eccentricity, as mentioned above. From 374 to 1404 bc, there was no 
Earth—comet close approaches with a minimum separation less than 0.11 au. However, on 
1404 bc September 7, the computed comet passed within 0.04 au of the Earth. Without 
additional observations prior to 1404 bc , the orbit could not be rectified again and we were 
forced to cease the integration. In the absence of severe perturbations, the inherent accuracy 
and stability of the numerical integration, as well as the apparent lack of a time dependence 
in the non-gravitational parameters, allowed the computed motion to closely follow the 
actual motion of comet Halley over several centuries. Orbit 3 was integrated from 1607 back 
to 837 with a residual of only —0.88 day between the computed and observed times of 

perihelion passage in 837. In a sense, the orbit over the interval from 837 to 141 was fit to 
the observations of 837,374 and 141. The interval from 141 to 1404 bc was free from severe 
perturbations so that the computed times of perihelion passage back to 1404 bc are not likely 
to be in error by more than a month. 

Noting a 513-yr periodicity in the perihelion passage time residuals, Brady (1972) erron- 
eously deduced the existence of a massive trans-Plutonian planet. Kiang (1973) showed that 
this residual periodicity was an inherent property of the idealized Sun—Jupiter—comet 
model. It is interesting to study this periodicity by comparing our perihelion passage times in 
Table 2 with those obtained by Chang (1979). Chang initialized a backward numerical inte- 
gration with an orbit fitted only to 1909—1911 observations. Non-gravitational effects were 
ignored and no attempt was made to rectify the numerical integration with observational 
data. Table 5 presents our computed times of periheHon passage (rc) in the first column. 
The second column gives the difference between the Tc values and those values (r0) well 
determined empirically by Kiang (1971) and updated with our Table 1. The final column 
gives the differences between Chang’s computed times of perihelion (Teh) and the empiric- 
ally determined values (T0). From the last column in Table 5, there is evidence for a rough 
600-yr periodicity in the perihelion passage times residuals, Tq-Tq^. Because our computed 
perihelion passage times (rc) so closely match the T0 values, the 600-yr periodicity would 
also be evident in the Tq-Tq^ residuals. However, this residual periodicity degenerates into a 
secular trend and by the 911 bc return, Chang’s perihelion passage time differs by 3 yr from 
our adopted values. It is interesting to note that a secular trend in the perihelion passage 
time residuals can also be admissible in the idealized three-body model (Kiang 1979). From 
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Table 5. Comparison of observed and computed times of comet Halley’s perihelion passage 
times. 

T -T o c T -T Ch 

1531 
1456 
1378 
1301 
1222 
1145 
1066 

989 
912 
837 
760 
684 
607 
530 
451 
374 
295 
218 
141 

66 
12 B.C. 
87 B.C. 

Aug. 
June 
Nov. 
Oct. 
Sep. 
Apr. 
Mar. 
Sep. 
Jul. 
Feb. 
May 
Oct. 
Mar. 
Sep. 
June 
Feb. 
Apr. 
May 
Mar. 
Jan. 
Oct. 
Aug. 

26.24 
9.63 

10.69 
25. 58 
28.82 
18.56 
20.93 

5.69 
18.67 
28.27 
20.67 
2.77 

15.48 
27.13 
28.25 
16.34 
20.40 
17. 72 
22.43 
25. 96 
10.85 
6.46 

-0.44 
-0. 53 
-1.67 
-1.05 
+ 1. 98 
+2.69 
+2.57 
+3.31 
-9. 17 

+ 1.83 
-4.27 
-2.48 
-0.43 
-3. 75 
+ 1.06 
+0.10 
-0.22 
-0.08 
+0. 54 
-5.35 
-3.96 

+37.30 
-Ml. 60 
+32.52 
+7.03 

-37.70 
-58.25 
-42.00 
-30.50 

+ 1.00 
+52.77 
+33.00 

+ 1.00 
-20.50 
-21. 80 
-5.00 

+26.90 
+33.00 
+70.00 
+36.85 
+34.00 
+8.00 

-13.00 

rc: Computed times of perihelion passage - from Table 4. 
ro: Times of perihelion passage determined by Chinese observations - from 
Table 1 and Kiang (1971). 
Teh1 Computed times of perihelion passage - from Chang (1979). 

Table 5, it is clear that the inclusion of non-gravitational effects and the use of ancient obser- 

vational data is necessary for an accurate representation of comet Halley’s long-term motion. 

5 Conclusions 

The primary reason for integrating the motion of comet Halley back to 1404 bc was to 
allow possible identifications of ancient cometary observations with this famous comet. The 
orbital elements in Table 4 were used to generate ephemerides for each apparition and while 
no comet Halley observations prior to 240 bc have yet been identified in the ancient Chinese 

records, new observations that come to light can easily be matched against our ephemerides 
for possible future identifications. 

Observations of any comet prior to 240 bc are scarce; Ho Peng Yoke (1964) lists only 16 
and several of these reports are vague. Nevertheless, it is worthwhile asking why no reports 
of comet Halley prior to 240 bc are available. From our ephemeris calculations, it is readily 
apparent that the apparitions of comet Halley subsequent to 240 bc are generally more 
favourable than those prior to 240 bc. For the 29 apparitions 240 bc to 1910 there were 14 
apparitions during which the Earth—comet distance (A) became less than 0.25 au when the 
comet was in a dark sky. During the 16 apparitions from 1404 bc to 315 bc, there were 
only two (1266 bc and 1404 bc). During its past few apparitions, comet Halley has been 
intrinsically brighter after perihelion. If we only consider post-perihelion close approaches to 
the Earth, then from 240 bc to 1910 there were eight apparitions for which the comet was 
observable at A < 0.25 au while for the 1404 bc to 315 bc apparitions there were none. We 
also note that the 240 bc observations are only probable identifications of comet Halley and 
it is curious as to why the favourable apparition (minimum A = 0.1 au) in 164 bc went 

unobserved in September and October of that year. 
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645 The long-term motion of comet Halley 

Concerning the dynamics of comet Halley’s long-term motion, we have established that 
subsequent to a close planetary approach, the comet’s motion must be rectified with obser- 
vational data. Of course, this is true in general for any comet and, where appropriate, non- 
gravitational effects should be taken into account as well. Yeomans (1977) concluded that 
the transverse non-gravitational parameter (42) for comet Halley was time independent over 
the 837—1910 interval. This implies that the comet’s spin axis is fixed in space without 
noticeable precessional motion. We have assumed here that 42 is time independent and the 

excellent residuals between the observed and computed times of perihelion passage (see 
Table 5) suggest that the spin axis was stable back to at least 87 bc . Also implied is the relative 

constancy, over two millennia, of comet Halley’s ability to outgas. This result is consistent 
with the comet’s nearly constant intrinsic brightness over roughly the same interval 
(Broughton 1979). 
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