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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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PERIODIC COMET TEMPEL 2
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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)
and the other in 1869 (Tempel-Swift). Hence his 1873 comet is denoted
Tempel 2 to show this was the secdnd 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 sﬁace rendezvous mission to a comet. NASA's Comet Science
Working Group has 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 priméry objective of the first mission to a comet, the dynamical
behavior of comet Tempel 2 is of great interest.

F&; the majority of short-period couiets with three: or more apparitions,
obvious nongravitational perturbations are affecting their motions. By
assuming that these nongravitational accelerations are due to the rocket
effect of outgassing volatiles from an icy-conglomerate nucleus (Whipple

1950), the nongravitational accelerations have been successfully modeled



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

2— — ~ A
EL.E:-u-}'_ + §_§_+ Ag(r)r + Apg(n)T,

de2 r3 oT
where
g(r) = a(x/ry) ™ [1 + (r/ro)n ]k,

The acceleration is given in astronomical units/(ephemeris day)z, 1 is the
product of the gravitational constant and the solar mass, while R is the
planetary disturbing function. The scale distance ry is the heliocentric
distance where reradiation’of solar energy begins. to dominate the use of
this energy for vaporizing the comet's nuclear ices. For water ice ry =
2.808 AU and the normalizing constant o = 0.111262. The exponents m, n,
and k equal 2.15, 5.093, and 4.6142, respectively. The nongravitational
acceleration is represented by a radial [A1g(r)] and a transverse [A2e(D)]
term in the equations of motion. The radial unit vector () is defined

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

directed normal to £, in the orbit plame and in the direction of the comet's

motion. An acceleration component normal to the orbit plane has been
found to have a negligible effect upon the orbital motion of short-period
comets. The parameters A] and A, as well as the six initial conditionms,

can be solved for iy the least-squares differential correction procecdure.




Integrated variational orbits were used to form the necessary partial
derivatives and the employed numerical integrator was a ninth-order
predictor-corrector scheme (summed ordinate form) running 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 significant [igures) on the UNIVAG

1108 computers at the Jet Propulsion Laboratory.

2. Orbit Computations

Without solving foxr nongravitatioval parameters, Marsden (1968)
liuked five épparitibns of Tempel 2 (1946-1967) withba mean residual of
1.8 arc seconds. Marsden and Sekanina (1971), solving for the nongravita-
tional parameters Aj and A,, managed to successfully link lour different
sets of apparitions from 1873 through 1967. These parameters, taken from
Marsden, Sckanina and Yeomans (1973) arve listed in Table 2.

The present orbital sclutions are represented in Table 1. Qrbit

number 1 did not solve for the nongravitational parameters while orbits 2

and 3 solved for A; and Ay. In Table I the second column gives the
observational interval included in the solution, the third and fourth
columns present the number of observations employed and the mean of the
absolute values of the residuals. Columns 5 and 6 give the radial (Ay)
and transverse (Ay) nongravitational parameters.

From Tables 1 aﬁd 2, the transverse nongravitatiOnul parameters are
seen to be small and nearly constant in time. Because the transverse
nongravitational acceleration’directly affects the comet's orbital energy,
this cowponent is more accurately determined. If one assumes that the

comet's spin axis is not precessing, the magnitude of Ay and Ap over a




period of time is a divect wmeasure of a comet's ability to outgas.

From Table 2, we note that, within the associated ecvors, Ay and A

have remained nearly constant and the comet's ability to outgas has not
changed substantially over i(ts entirve observational history.  The magnitude
of this comet's nongravitat fonal parameters is the smallest of any comet
that is attected by nongravitational torces. The very slight secular
deceleration (Ax » 0) implies that the comet's nucleus is rotating in a
dirvect sense., The very small mean residual resulting from the 1950-1977
orbit (orbit #2, Table 1) implies that this comet s very well behaved and

very easy to predict dynamically,

3. Ephemeris Computations
In ovder to gencrate accurate prediction ephemerides tor the coming
apparitions, orbit #2 of Table 1 was integrated torward taking into account
nongravitational etfects and perturbations trom all planets., Ephewmerides
for the 1978-79, 1982-83 and 1988 apparitions arve presented in Appendix A,
Sekanina, et al. (1978) have investigated the nuclear magnitude of comet
Tempel 2 based upon Roemer's photographic observations in 1900, 1906/ and
1972, They tind the absolute nuclear magnitude to be 15.0 ¢ 0.5 pre-peri-
helion and 10,0 ¢ 0.3 post-perihelion. However the scatter s 80 lavge
that an absolute nuclear magnitude of 15,5 was assumed {or the preseat
computations, For comet Tempel 2, the variation of total magnitude with
heliocentric distance is quite asymmetric with respect to perihelion,
This comet brightens very quickly about 80 davs betore perihelion and
this dramatic {ncrease {n brightness betore perihelion is tollowed by a
less steep decline post-perthelion (see Figure 1), For prediction

purposes . a4 Chebychev series was it to the light curve ot comet Tempel



{rigure 1) and 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 retumms to perihelion 1957-1988.

4.  Ervor Analysis

A statistical covariance error analysis was underxtaken to determine
the evolution of comet Tempel 2's error ellipsoid during the 1988 apparition.
The QRAN computer program took into account planetary perturbations and
uousiﬁered tﬁe errors Inherent in the values for the nongravitational
parameters and initial conditions. The partial derivatives utilized in the
conditional equations matrices and the state transition matrices were
computed nunerically.

For the present analysis, the four returns to pevihelion (1972-1988)
are rvepresented by cight observations from September 22, 1973 through
April 17, 1977 ond by 26 additional postulated obscrvations from April &,
1983 through September b, 1988. The 1983 and 1988 recoveries of the
comet were conservatively assumed to be April 6, 1983 and March 20, 1988
respectively. The error analysis was inltialized in 1973 and the indtial
a priori covariance matrix was essentially infinite. Hach set of obser-
vations was batch processed and the updated covariance was propagated
forward in time via the state transition matrix ko the date ob selected
obsorvations. The time history of the comet's position and velocity errors
is presented in Table 4. The first colum cepresents the dates in 1988 on
which one simulated ground based observation was made. The columns headed
by v, A and @ represent the sun-cowet distance in AU, the varth-comet

distance in AU and the son-parth—comet sngle in degrees. The next six




colums represent the 1-0 position (km) and welocity (w/s) errors for the
radial sun-comet divection (R), the direction normal to the comet's orbital
plane (N), and the transverse divection detfined by the cross product ot
the first two unit vectors (T = NXR). The present analvsis assumed a

1-0 observational ervor of 2 ave seconds tor both the right ascension and
declinat fon., The assumed ervor tor each observation is the same value,
and the observations themselves are assumed to be uncorrelated. This being
the case, the covariance matvix is linear with respect to observational
ervors, For example, although the current analyvsis has been done using an
observatimal ervor of 2 arc seconds, one only has to multiply the ervor
component entries in Table 4 by 3/2 to obtain the results for =13 arvc
seconds.

From Table 4 we see that the transverse position ervor (o) reaches a
minimum in May when the conditions ave excellent tor observing the comet's
along track errvor (see Figure 2J), The radial position errvor reaches a
minimut at perihelion (September lo) and this is due in part to the comet's
vadial velocity which reaches a minimun there. The comet's transwverse
v locity reaches a wmaximum at perihelion and this partially explains the
growth of the transverse postition ervor trom Mav to September., Forv the
present analvsis, observations were assumed made every ten davs {n 1988 from
March 20 to September 1o, In Table 4, the improvewent realized by makiang

the 1988 observations at tive day intervals is shown in parentheses tor

September lo,
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JUNE DEC

P = PERIHELION OF COMET

@ = POSITION OF COMET AT STATED NUMBER OF DAY S BEFORY
PERIHELION
O = PREDICTED POSITIONS OF EARTH AT PERIHELION OF COMET

&= LINE OF SIGHT VECTORS FROM EARTH TO COMET ON Mar 20, May ©
July 8, AND Aug 7

'

Figure 2. Comet Tempel 2 1988 Observing Conditions
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TABLE 1 Orbit Solut ions

Observation Mean N0|\gravl§at fonal Paramete
Orbit Interval No. Obs  Residual Ap x 10 Ay x W0 Comments
1 1956-1977 91 1.42" i E R e Residual trends
to o
2 1956-1977 91 0.9"  +0,0815:0,0085 +0,00245:0,00028 No residual
trends
3 19401977 128 1.36"  =0,015600.0053 +0.00245:0,00000 Restdual trends
to o"
TABLE 2 Nongravitational Parameters
Perthe lion Mean 8 8
Distance Eccen, Interval Residual Ap x 10 A x 10 Source
1.4 0.6 18731915 1,.40" +0. 1 +0, 002 Marsden &
Sekanina (1971
1.3 0.6 1904-1940 55 o 0.0 +0,002 Marsden A
Sekanina (19710
33 0.0 1915-1956 1.98" 0.0 ). 001 Matsden &
Sekanina (1971)
1.4 0.0 19301967 1.a" 0.0 +0, 001 Marsden A
Sekantna (1971)
1.4 0.0 19561977 0, 9" 0.0 +0, 002 Yeomans
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Epoch

{E.T.)
1988 Oct. 6.0
1983 May 26.0
1978 Feb.21.0
1972 Nov.19.0
1967 Aug.18.0
1962 May 16.0
1957 Feb.11l.0

Date Y
(1988) AU
Mar. 20 2.23

30 2. 17
ADE. 9 2.11
19 2.04
29 1.98
May 9 1.92
19 1.85
29 1.79
Juns -8 i
18 1.68
29 1.62
Juls, B Sent
18 1.53
28 1.49
Aug: 1 1.45
17 1.42
27 1.40
Sep. 6 1.39
16 L

TABLE 3 Orbital Elements from Orbit No.

Perihelion
Passage

1988
1983
1978
1972
1967
1962
1957

KE.T.

Sept.

June
Feb.
Nov.
Aug.
May

Feb.

AU

a8
.43
.28
.16
.05
£
.88
.83
E
.78
o1
il
9
.80
SR
.85
.88
+ 31
+ 95

o SIRY < M o I e TR G P < SR SRR S U . Sl . S o ST S L SO Rl S UG

)
16.7369
1.5372
20.7295
15.0380
14.2501
12.6907
52012

T e e e B SR

q
(AU)

.383429
. 381404
. 369385
.364387
.366510
.363959
.369265

TABLE 4 Orbital

0
Deg.

55 5
126
134
142
149
154
156
133
147
138
130
122
115
109
104
99
96
92
90

°R

Km
2872

2583

2403

2250

2015

1471

1069

807
(755)

55§

. 544428
. 544893
.547833
. 548887
. 548395
. 548987
.547682

= L < ARE -~ G < (RN -~ JSE, - SR

w

(degrees,

191.0386
190.9220
190.9336
190.8729
190.9787
191.0531
191.0343

Error Analysis

ON

Km
1522

1108

789

602

448

388

431

475

(396)

694

914

1626

1993

1870

1638

2

2

1950.0)

119.1182
119.1579
119.2429
119.2699
119.2716
119.2767
119.2810

m/s

0.

0.
(1394) (0.

128

.082

.070

.084

.128

+ L14

.183

176
163)

0

0.
(0.

12.4319
12.4375
12.4680
12.4804
12.4739
12.4819
12.4702

m/s

.076

.076

.080

.088

.098

. 100

.092

079
064)

L% BT R R Y T R, |

yrs

29
29
w2l
.26
.26
.26
il

m/s

0.

0.
(0.

166

.163

.158

. 146

.093

.076

073

068)




APPENDIX A

EPHEMERIS (WITH PERTURBATIONS)
FOR COMET TEMPEL-2
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