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Abstract

The dynamical behavior of comet Tempel 2 is investigated and the

comet is found to be very well behaved and easily predictable. 	 The

nongravitational forces affecting the motion of this comet are the

smallest of any comet that is affected by nongravitational forces. 	 The

sign and time history of these nongravitational forces imply (1) a direct

rotation of the comet's nucleus and (2) the comet's ability to outgas

has not changed substantially over its entire observational history.

The well behaved dynamical motion of the comet, the well observed past

apparitions, the small nongravitational forces and the excellent 1988

ground based observing conditions all contribute to relatively small

position and velocity errors in 1988--the year of a proposed rendezvous

space mission to this comet. 	 To assist in planned ground based and

earth orbital observations of this comet, ephemerides are given for the

1978-79, 1983-84 and 1988 apparitions.
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1.	 Introduction

On July 3, 1873 Ernst Wilhelm Liebrecht Tempel, a German astronomer

working at Arcetri Observatory, Italy, discovered a comet in Cetus. Upon

discovery, the comet was approximately 9.5 magnitude, 2 arc minutes in

diameter, somewhat elongated in shape with an eccentric condensation of

light and a granular appearance.	 Orbit computations quickly established

that the comet was short periodic and Tempel himself was the first to

recover the comet on its next return to perihelion in 1878.	 Tempel had

previously discovered two other short-period comets--one in 1867 (Tempel 1)

f and the other in 1869 (Tempel-Swift).	 Hence his 1873 comet is denoted

Tempel 2 to show this was the second comet to have been discovered by

Tempel alone.	 Within the time of six years and three months, Tempel had

discovered three periodic comets--a record that will likely stand for

some time.	 Since its discovery in 1873, comet Tempel 2 has been observed

during 16 of its 21 returns to perihelion. 	 Since 1946, every apparition

has been observed.

• Comet Tempel 2 has recently become of interest as the prime target

for a first space rendezvous mission to a comet. 	 NASA's Comet Science

Working Group ha g recommended a rendezvous mission to comet Tempel 2 in 1988

with an en route flyby of comet Halley in late 1985 (Belton, 1978).	 As

the primary objective of the first mission to a comet, the dynamical

behavior of comet Tempel 2 is of great interest.

For the majority of short-period comets with three or more apparitions,

obvious nongravitational perturbations are affecting their motions. 	 By

assuming that these nongravitational accelerations are due LO the roc et

effect of outgassing volatiles from an icy-conglomerate nucleus (Whipple

1950), the nongravitational accelerations have been successfully modeled



2. j

where

by Marsden et al. (1973). The mathematical form of these nongravitational

terms represents an empirical fit to a theoretical plot of water-snow

vaporization flux versus heliocentric distance. The cometary equations

of motion are written

2d r =-u-r + 8R + Alg(r)r + A2g(r)T,
dt2 0 dr

y

g ( r) = aWro) -m 	-+- Wro)n	 -k_

h The acceleration is given in astronomical units/(ephemeris day)	 p is the

product of the gravitational constant and the solar mass, while R is the ;.

planetary disturbing function. 	 The scale distance ro is the heliocentric

a distance where reradiation of solar energy begins to dominate the use of }

this energy for vaporizing the comet's nuclear ices. 	 For water ice ro

2.808 AU and the normalizing constant a = 0.111262.	 The exponents m, n,

and k equal 2.15, 5.093, and 4.6142, respectively. 	 The nongravitational

Y acceleration is represented by a radial [Alg(r)] and a transverse [A29(r)]

y
=.^'• term in the equations of motion. 	 The radial unit vector (r) is defined

outward along the radius vector while the transverse unit vector (T) is

;i directed normal to r, in the orbit plane and in the direction of the comet's

motion.	 An acceleration component normal to the orbit plane has been
[

^ ^
r

1 found to have a negligible effect upon the orbital motion of short-period

! comets.	 The parameters Al and A2, as well as the six initial conditions,
t

can be solved for ,U) the least-squares differential correction procedure.
L
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Integrated variational orbits were used to :form the accessary partial

derivatives and the employed numerical integrator WAS a -ninth-,order

predictor-corrector .scheme ('summed ordinate ,farm) ruunint, at a Constant

one.-day step size. At each, step, the required planetary coordinates, from

All nine planets, have been read from magnetic tape. All computations

were performed in double precision (18 significan.t figures) on the UNIVAC

1108 computers at the .het Propulsion Laboratory.

Orbit Computa tions

Without solving for nongrtiivita:tioual parametters, Marsden (1968)

Linked :Give apparitions of leiiipe,:l. 2 (1946-1967) with a mean residual of

*t !` 1.8 arc seconds.	 Marsden and Sekaniva. (1971) , solving for the notigrav;i,ta,—

tional parameters A l and A, managed to successfully link Stour different

sets of apparitions from 1873 through 1.967. 	 These parameters, taken from

Marsden, Sekanina and Yeomans (1973) sire listed in Table 2.
l

`l.'he present orbital solutions are represented in Table I.	 Orbit

number l did not solve for the nougravitational parameters while Orbit$

and 3 solved for Al , and A2.	 In Table 1. the second column gives the

Iobservational interval included in the solution, the third and :fourth

f
i'

coltunns present the number of observations employed and the mean o-. 	 the

A .. absolute values of the residuals. 	 Colunuis 5 and 6 give the radial (Al)

i and transverse (A2) nongruvitational, parameters.
i1

f
` From Tables l and 2 1P the transverse nongra'\7itational laarameters are

seen to be small and nearly constant in time.	 Because the transverse
i

nongrav3 tpt •io: al ac Qeiera.tion directly affects the comet's orbital energy,
i

this component is more aQcura;tely determined.	 if one assumes that the

comet's spin axis as not precessii;g, the magnitude of A l a^^d 112 over a

^ .^	 .S. ^ ^h ^	 ^^	 ^ =. ....,.i. ^,....,d	 ^..s.al._.,,.,4 '	 . _	 -•F	 „^-.w.....1I..._„f -..,.,JV _. ......,.F T	 -..1 ..,	 ..,w.2 -.	 ^^..-,^	 s31 ^_T.^-'^ .+ nad5":, 	 ^ ^'
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(Figure l) mid total magnitude predictions were made by evaluating this

series at appropriate times.

The osculating orbital elements, derived from orbit #2 of Table 1,

are presented in Table 3 for the seven returns to perihelion 1957-1988.

4.	 Error Analysis

A statisti cal covariance error analysis was undertaken to determine

the evolution of covet Tempel 2's error ellipsoid during the 1988 apparition.

111.1e'.. ORAN computer program took into accounts planetary perturbations and

considered the errors inheratlt in the values for the nougravitaLl.oaal,

parameters and initial conditions. The partial derivatives utilized in the

tond,itlo"al equations matrices and the state transition matrices were-

computed numerically.

vor the present analysis, the four returns to perihelion (1972-- 1988)

are represented by eight y observations from September 22, :1973 thrtaugll

April 17, 1977 and by 16 additiona l pustulated observations from April 6,

198:3 throuc;h September 16, 1985. The 1983 and 1988 recoveries of the

comet were Conservatively assunyd to be .April 6, 1983 and March ?Q, 1958

respectively. The error analysis was initialized  'ti p :1973 and the initial

`	 a priori na vz riance matrix was essentially Wfinite, Each set of obser-

vatioas. was batch processed and the undated covariance was propag,,ILed

forward 10 bane via the state transition matrix to the date of selected

observations. The Live history or the comet's position and velocity errors

is presented in fatale 4 The first column, represents the crates in 1988 on

wlalttll onesimulated ground based observation was nude, The columns headed

by r, A and 0 represent the ,sun-comet distance in Ali, the Parth-come t

distance in All and Oio scan--earth-comet canglo in clul;z`oos. The next six
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TABLE 3 Orbital Elements from Orbit No.	 2

Epoch
Perihelion

9 i,) Q 1 1'

(E. T.
Passage
( AU) (degrees, 1950.0) yrs

1988 Oct.	 6.0 1988 Sept.16.7369 1.383429 0.544428 191.0386 119.1182 12.4319 5.29

1983 May 26.0 1983 June	 1.5372 1.381404 0.544893 190.9220 119.1579 12.4375 5.29

1978. Feb.21.0 1978 Feb.	 20.7295 1.369385 0.547833 1.90.9336 119.2429 12.4680 5.27

1972 Nov. 19.0 1972 Nov.	 15.0380 1.364387 0.548887 190.8729 119.2699 12.4804 5.26

1967 Aug. 18.0 1967 Aug.	 14.2501 1.366510 0.548395 190.9787 119.2716 12.4739 5.26

1962 May 16.0 1962 May	 12.6907 1.363959 0.548987 191.0531 119.2767 12.4819 5.26

1957 Feb.11.0 1957 Feb.	 5.2012 1.369265 0.547682 191.0343 119.2810 12.4702 5.27

TABLE 4 Orbital Error Analysis

Date r
(1988) AU

Mar. 20 2. 23

30 2.17

Apr. 9 2.11

19 2.04

29 1.98

?1:)v 9 1.92

19 1.85

29 1.79

,Jun. 8 1.73

18 1.68

29 1.6'2

.1111. 8 1.57

18 1.53

28 1.49

Aug. 7 1.45

17 1.42

27 1.40

Sep. 6 1	 . .19

16 1.38

A U `1h •)N
(1, 1'

0h 0N of

AU Deg. Km Km Km m/S m/s m/s

1.58 119 2872 1522 2338 0.128 0.076 0.166

1.43 126

1.28 134 2583 1108 1303 0.082 0.076 0.163

1.16 142

1.05 149

0.95 154 2403 789 694 0.070 0.080 0.158

0.88 156

0.83 153

0.79 147 2250 602 914 0.084 0.088 0.146

0.78 138

0.77 130

0.77 122 2015 448 1626 0.128 0.098 0.127

0.79 115

0.80 109

0.82 104 1471 388 1993 0.174 0.100 0.093

0.85 99

0.88 96 1069 431 1.870 0.183 0.092 0.076

0.91 92

0.95 90 807 475 1638 0.176 0.079 0.073

(755) (396) (1394) (0.163) (0.064) (0.068)

r

0
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