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Abstract. Comprehensive analysis of discrete events of
secondary fragmentation leads to a conceptually new un-
derstanding of the process of disintegration of comet
Shoemaker-Levy 9. We submit that the jovian tidal forces
inflicted extensive cracks throughout the interior of the
original nucleus, but did not split it apart. The initial dis-
ruption was apparently accomplished by stresses exerted
on the cracked object by its fast rotation during the early
post-perijove period of time. We argue that this disruption
was in fact a rapid sequence of episodes during July 1992
and gave birth to the 12 on-train, or primary, fragments:
A,C D, E G, H K, L,Q(laer Q), R, S, and W. The dis-
crete events of secondary fragmentation, which gave birth
to the off-train fragments, are understood in this scenario
as stochastic manifestations of the continuing process of
progressive disintegration. Of the 13 considered off-train
fragments, nine were secondary — B, F, G2, M, N, P (later
P,or P2a), Q,, U, and V — and four were tertiary (J, P,
P2b, and T). The separation parameters of 11 off-train
fragments were determined. The vectoria distribution of
separation velocities of these fragments shows a strong
concentration toward a great circle, ungquestionably an ef-
fect of the approximately conserved angular momentum
of the progenitor comet since the time of its initia disrup-
tion. Also apparent is their clumping (except for P;)to a
segment along the great circle implying that the fragments
were consistently released from one side of their parents,
thus explaining for the first time why the off-train frag-
ments preferentially appeared on one side of the nuclear
train. In order to obtain a consistent solution, our model
requires that the points of separation be on the antisolar
side of the parent fragments, where thermal stresses are
likely to enhance the effect of rotation, The episodes of
secondary fragmentation are found to have occurred in a
period of time from a few weeks to at least nine months af-
ter the close encounter with Jupiter in early July 1992 and
the separation velocities ranged between 0.36 and 1.7 m/s.
The spin-axis position is determined to have been nearly in
the jovicentric orbit plane, which rules out the Asphaug-
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Benz-Solem strengthless aggregate model as a plausible
breakup hypothesis. Since the separation velocities are ro-
tational in nature, they cannot substantially exceed the
critical limit for centrifugal breskup and offer an estimate
for the original nuclear dimensions. The comet’s nucleus
is found to have been approximately 10 km in diameter
and spinning rapidly, With the exception of Pl and ap-
parently aso P2 and F, no nongravitational deceleration
was detected in the motions of the off-train fragments.
Serious doubts are cast on continuing appreciable activity
of any of these fragments. Indeed, when it was necessary
to introduce a deceleration into the equations of motion,
the effect appears to have been due to the action of so-
lar radiation pressure on the centroid of centimeter-sized
particulate in the disintegrating condensations.

Key words: comet Shoemaker-Levy 9 — secondary
fragmentation — rotational vs. tidal breakup — parent
comet's angular momentum

1. Introduction

When discovered in late March 1993, comet Shoemaker-
Levy 9 had the appearance of a train of up to 21 amost
perfectly aligned nuclear fragments. In our study of the
comet’'s evolution during 1993, we reported that accurate
positions of six of the fragments -— B,F.J.M. P, and
T — were characterized by “distinct off-train deviations,
to the north in projection onto the plane of the sky, with
a clear tendency to increase with time” (Sekanina etal.
1994; hereafter referred to as Paper 1). The 1994 observa-
tions left no doubt that there were two separate groups of
condensations — the on-train fragments and the off-train
fragments. The on-train condensations included A, E, G
(or G1), H, K, L, Q (later Q1), R, S, W.and apparently
adso C and D, whose status has remained somewhat un-
clear (Sekanina 1996). Besides J and M. which were not
seen in 1994, the group of off-train condensations consisted
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of B, F, G, N, PI, P2 (later P2a and P2b), Q,, T, U, and
V, al of which were observed during at least limited pe-
riods of time in 1994, The motions of A, C, and D, aong
with those of the off-train fragments, are examined in this
study, The objectives are to determine, to the extent pos-
sible, the sequence of discrete events that led to the forma-
tion of the off-train fragments and to establish, for each of
them, the conditions at birth, the nature of its subsequent
motion, the identity of its parent fragment, and the hierar-
chy of the progenitor comet’s splitting. We also revisit the
issue of temporal variations in the orientation of the nu-
clear train and address the ramifications that our results
have for the processes leading to, and accompanying, the
progenitor’s splitting near Jupiter in July 1992. Examples
of the fragmentation events that lagged by months the ini-
tial disruption (which we now suspect was itself a sequence
of breakups) were published (Paper 1 and Sekanina 1996);
preliminary results of our investigation were presented in
a progress report (Sekanina et al. 1996).

2. Comet splitting and secondary fragmentation of
comet Shoemaker-Levy 9

Splitting is a fairly common phenomenon among comets,
but its detection is observationally difficult because com-
panion nuclel are often diffuse objects with large short-
term brightness variations. By the early 1980s, 21 comets
were known to have split (Sekanina 1982), but in the past
15 years this number, including comet pairs, has grown
to more than 30. Comet splitting is usualy nontidal in
nature, in which case the rate at which the nuclear com-
ponents drift apart is determined primarily by the net dif-
ference between contributions from directed outgassing to
the orbital momenta of the two objects. This difference is
referred to as a differential nongravitational effect (Sekan-
ina 1997 and the references therein). It is responsible for
the characteristic configuration with al companions even-
tually lagging aong the orbit behind the principal nucleus;
the latter is the most persistent and apparently by far the
most massive fragment. It is often the only one that ulti-
mately survives the splitting, Orbital effects of the impulse
acquired by a companion during a nontidal breakup and
described by the separation velocity are fairly minor.
Comets whose splitting involves tidal forces behave dif-
ferently (Sekanina 1997). We document below that comet
Shoemaker-Levy 9 is a textbook case that illustrates the
distinction between the fragment configurations for tidally
and nontidally split comets. .4 conspicuous deviation from
the expected fragment configuration for nontidally split
comets is reflected in the brightness relations among the
condensations of Shoemaker—Levy 9: the leading compo-
nent A was one of the fainter components (e.g., Weaver et
al. 1995), while the four brightest ones, G, K, L, and Q,
were dl near the middle of the nuclear train. The mag-
nitudes of the impact phenomena were largely consistent
with this evidence (Hammel et al. 1995).

Some basic characteristics of the dynamical histories
of the fragments, including the conditions at the time of
separation, can be recovered by modelling the relative mo-
tions of these objects. The major complication in the case
of comet Shoemaker-Levy 9 is that many of the fragments
were not born during July 1992, shortly after perijove, but
subsequently, as products of a long segquence of discrete
events, described in Paper 1 as secondary fragmentation.
We use this term generically, even though some of the
breakup episodes involving the off-train fragments did in
fact give birth to tertiary products, as shown below,

3. Approach and analysis

The practical approach to fitting the observed motions
of the nuclear components involved in the various events
of secondary fragmentation consists in applying two crit-
ica software modules linked together: (i) a sophisticated
ephemeris-determination code and (ii) an iterative least-
squares differential-correction optimization procedure.

The ephemeris-determination program starts from the
known orbital elements for the parent fragment (Chodas
and Yeomans 1996, referred to hereafter as Paper 2). The
program alows positional offsets of the daughter fragment
from the parent fragment (either in right ascension and
declination or as separation in position angle) to be cal-
culated as functions of (i) the time of separation, (ii) the
positional differences, at this time, from the parent frag-
ment's center in three cardinal directions, (iii) the veloc-
ity of separation, again at this same time, from the parent
fragment in three cardina directions, and (iv) the deceler-
ation, relative to the parent fragment, radially away from
the Sun, which acts continuously between the times of sep-
aration and observation and varies as the inverse square
of heliocentric distance. The three cardina directions de-
fined by the jovicentric orbit of the parent fragment are
the radial (away from Jupiter), transverse, and normal di-
rections of the right-handed RTN coordinate system. The
mutual gravitational attraction of parent and daughter
fragments is ignored.

The iterative differential-correction procedure, which
makes use of software that solves the norma equations
for an arbitrary number of unknowns, is employed to de-
termine up to five parameters. these are the separation
time, the three RTN components of the separation veloc-
ity, and the relative deceleration. The partial derivat ives
of the offsets with respect to the individual parameters
are calculated numerically as finite differences. Both the
steps of variation, the convergence constraints, and the
limit for the number of iterations can freely be selected
and controlled by input. In practice, it is aways neces
sary to prescribe a rejection cutoff for positiona residu-
as in right ascension and declination; all the observations
leaving residuals that exceed this limit are excluded from
the solution. This procedure facilitates and speeds up the
convergence. In order to determine the sensitivity of our
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solutions to the dataset employed, up to three levels of
the rejection cutoff were assumed in some cases — usually
0.4, 0.3, and 0.2 arcsec.

An important feature of the code for the differential-
correction procedure is the option to solve for any combi-
nation of fewer than the five parameters, so that a tota
of (2°— 1), or 31, different versions are available. This op-
tion proved most beneficial especially for testing purposes
and in the early phases of the iterative procedure before
the solution had “settled” around the optimum parametric
values, or when the convergence had been slow or failing.
In our computations we used this feature to considerable
advantage when it became obvious that the introduction
of a deceleration was amost always unnecessary. Thus,
the results of this study are presented mostly in terms of
four-parameter solutions, yielding the time of separation
and the three components of the separation velocity . Fur-
ther experimentation in cases in which the four-parameter
solutions failed to converge showed that the next best ap-
proach was to change, stepwise, the time of separation
from one run to the next while maintaining this parameter
fixed in each run and solving only for the three separation-
velocity components. This way, one could search for a
“quasi-optimized” three-parameter solution that was cal-
culated by interpolating the time of separation to yield the
minimum value for the sum of squares of the positional
residuals. We employed this approach on a number of oc-
casions to determine the starting set of parameters for an
optimized four-parameter solution, as well as to establish
— in cases of convergence difficulties — whether or not the
derived time of separation approximately coincided with
the 1992 time of perijove. However, these quasi-optimized
solutions were not incorporated in our table of results,
which only includes the converging four-parameter (and
occasionally five-parameter) solutions.

The computer output for each solution includes the
starting values of the parameters, their corrections (which
must all be zeros if the procedure has fully converged),
the final parametric values, and, for each entry, the ob-
served and the final calculated offsets, the residuals O -C,
and the differences between the offsets calculated from
the normal equations and from the orbit, which represent
a standard test for the optimization procedure’s conver-
gence, The output also includes the sum of squares of the
residuals, the mean residual, the predicted time of impact,
and the right ascension and declination of the separation-
velocity vector and of the directions to the Sun and Jupiter
as seen from the primary fragment at the time of sepa
ration. The point of impact is defined as the impactor’'s
crossing the 100-mbar level of Jupiter's atmosphere, fol-
lowing the model by Lindal et al. (1981).

One of the intriguing problems presented by this comet
is the major structural differences among the fragments.
This is suggested by the fact that while many of them
survived until impact with no dramatic changes in their
appearance, others disintegrated long before their colli-

sion with Jupiter. Fragments of the latter kind may have
been much more common than suggested by evidence from
ground-based observations and from visua inspection of
images taken with the Hubble Space Telescope (HST).
Application of a comprehensive digital search technique
to the central regions of the HST images of severa con-
densations in the nuclear train reveals the presence of iso-
lated clumps of pixels of elevated signal, which were iden-
tified as additional visualy unresolved fragments in the
condensations (Sekanina 1995). The second most promi-
nent object in condensation P,detected on digital maps
from late January 1994 turned out to be nucleus P2b that
appeared distinctly on an HST image taken two months
later (Weaver et al. 1995).

4. Individual events of secondary fragmentation

Since the employed technique begins with the orbital ele-
ments for the parent fragment, the question of its identity
is the first task to be addressed. In practice, this is by no
means an easy task and it is prudent that more than one
potential parent be examined for most of the daughter
fragments under consideration. The criteria used to dis
criminate among the various scenarios include the mean
residual, the temporal distribution of residuals from the
offsets, the degree of solution convergence, the number of
observations involved and, especialy, the constraints set
by the breakup sequence and by the impact time when
it is reasonably well established from the observations.
With al else being equal, we prefer the solution that yields
the lowest separation velocity. As remarked in Sect, 3, so-
lutions that included a nongravitational deceleration al-
most never improved the quality of the representation
of positional offsets of the fragments and usually led to
meaningless results. The only exceptions are condensa-
tions Py (Sect. 4.11) and apparently also F (Sect. 4.5) and
P2 (Sect. 4.10).

The details on the converging four-parameter (and sev-
eral five-parameter) solutions are presented in Table 1.
The individual columns list: the daughter fragment; the
parent fragment; the rejection cutoff and the degree of
convergence;, the time of separation; the total magnitude
of the velocity of separation; its radial, transverse, and
normal components (as defined in Sect. 3): the number
of offset pairs employed and the RMS residual; the right
ascension and declination of the separation-velocity vec-
tor and of the fragment-Sun vector at the time of sepa-
ration; the angle v between the fragment-Sun vector and
the separation-velocity vector and the true anomaly of the
parent fragment in its jovicentric orbit at that time. calcu-
lated as the angle subtended by the Jupiter-fragment vec-
tors at perijove and at the time of separation: and, finaly,
the predicted impact time (as observed at the Earth) of
the daughter fragment and the status oft he solution. The
motions of some of the secondary and tertiary fragments
relative to their parents are shown in Figs. 1-2.
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Table 1. Selected four- and five-parameter solutions for secondary-fragmentation events of comet Shoemaker-Levy 9.

Rejection _ Velocity of separation (m/s) Number Sepa- Sun’s Angle v%/ Predicted
Fragment cutofl Time of of data/ ration direc- Jovicen- impact time,
— (arcsec)/ separation, Component RMs  velocity: tion:  tric true 94 Jul (uTC)®
Daugh- Par- Conver- Tiep Total residud  ogsep/  @sun/ anomaly, (d: hrimins ) /
ter ent gence (TDB) Viep Vied  Viransy  Vaorm  (arcsec)  dsep Ssun ub Status
B F 0.3 92 Aug15.3 092 -0.908 -0.014 -0.138 41 284°71 352762 69729  17:02:58:52
adequate +11.0 #£0.11 +0.115 +0.012 +£0.014 +0.140 +11°95 -3?74 +4172°40
G* 04 92 Aug 30.1 158 -1.435 +40.364 4+0.541 63 252.60 353.41 101.18  17:03:02:19
adequate +9.7 £0.11 =£0.118 +0.082 +0.074 £0.212 +9.29 321 +17343

H 0.4 92 Aug 124 177 -1,684 +0.295 +0.464 43 255.69 352.47 9738  17:03:04:17
robust *9.3 £0.18 +£0.186 +0.029 +0.034 +0.208 +411.03 -3.84 +172.18

H 03 92Aug34 159 -1,490 +0.266 +0.483 27 25264 35201  99.97  17:03:03:34
robust $9.1 £0.19 +0.205 +0.036 +0.047 +0.149 +10.85 —4.17 +171.18
H 02 92 Aug31 157 -1480 +0.240 +0.453 17 25669 35200 9596  17:03:01:36
robust 459 +0.13 £0.133 £0.020 +£0.029 +0.101 +1037 -4.18 +171.15 .
c E 03 92Augl37 73 -0334 +0.021 +0.020 50 26400 35253 8955  17:07:10:25
adequate £27.8 #0.11 =£0.109 +0.013 +0.008 +£0.128 +14.82 —380 +17229
E 02 92Augl46 034 -0340 +0.033 +0.030 37 26209 35258 9136  17:07:10:14
adequate *19.9 008 £0.077 *0.008 +0.007 +0.093 +1357 376 +172.38
G 03 92Aug 52 093 -0.916 +0.095+0.115 46 26572 35210  87.23  17:07:06:29
adequate +10.8 +£0.14 +£0.143 +0.019 +0.016 =+0.127 +1092 -4.10 +171.42
G 02 92Aug 81 096 -0.953 +0.103 +0.111 35 26243 35225  90.67  17:07:08:26
adequate +79 0010 4c0.101 £0.011£0.008 £0.103 +12.15 —4.00 +171.75
H 03 92Jul301 123 -1.227 +0.087 +0.037 40 26857 35180 8420  17:07:11:07
adequate +6.2 +0.14 +0.139 +0.020 +0.015 +0.145 +10.95 433 +170.56 *
H 02 92Aug62 138 -1376 +0.119 +0.047 28 26883 35215 8424  17:07:10:28
adequate 45.6 +0.11 £0.111 £0.014 *0.014 0.104 +10.98 -4.07 +171.53
D E 03 92A4u250 016 -0.157 +0.025 +0.044 31 25634 35313  97.35 17:11:52:49
weak +30.2 +0.06 +0.058 +£0.022 £0.017 +0.137 +12.12 -340 +17312
H 03 92Jul236 096 -0.943 +0.135 +0.122 28 26527 35150 8678  17:11:47:47
adequate +11.6 £0.25 +0.258 +0.021 +£0.025 +0.134 +6.42 -4.58 +169.23 *
H 02 92Jw297 109 -1.070 +0.14240.115 21 26708 35178 8535  17:11:47:26
robust 485 £0.16 +0.162 £0.014 +0.011 +£0.104 +7.73 -435 +170.48
FG' 03 92Novls 089 -0.549 +0.407 +0.573 67 22603 357.07 130.95  18:00:38:58
adequate +0.3 *005 +0.025 +0.076 +0.050 +0.151 +5.26 -104 +175.64
H* 03 920tt120 147 -1.293 +0.448 +0.542 62 24941 35586 10652  18:00:37:28
robust *6.6 +0.04 £0.049 +0.020 £0.017 #0.133 +891 -1.73 +175.11
H® 02 920t 53 142 —1242 +0.427 +0547 44 24558 35547 10992  18:00:38:52
robust 46.3 +0.04 £0.046 +0.012 +0.008 £0.101 +10.07 -1.96 +174.91
K 03 92Aug239 176 -1.593 +0.400 +0.633 51 24904 35308 10442  18:00:49:20
robust *54  +0.07 +0.082 +0.016 +£0.011 £0.152 +10.38 -343 +173.05
K° 03 9Aug274 170 —1668 +0.272 +0216 66 26673 35327 8712  18:00:36:32
robust 449 +0.07 +0.072 +0.026 +0.059 £0.157 +9.13 -331 +173.27 .
K/ 02 92Aug289 172 -1690 +0.245 +0.191 38 26795 35335  86.03  18:00:36:17
robust 449 4007 £0.073 £0.023 £0.051 £0.100 +9.85 -325 +173.36
J K 015 92Sept215 048 -0471 +0.035 +0.110 4 25241 35467 10232  19:02:22:55
robust 4285 *0.12 £0.101 £0.144 +0.289 +0.096 +20.89 -243 +174.45
L 015 92Augle5 087 —-0.854 —0.076 —0.144 4 28735 35268 6741  10:01:58:53
robust +23.4 £0.24 £0.237 £0.133 £0.280 +0.097 +1548 -3.70 +172.53
N 045 92Aug100 130 -1.252 +0210 +0.298 4 26014 35235 9284  19:03:17:45
robust +114 20.18 £0.185 +0.095 +0.211 £0.069 +9.80 -393 +171.93 0
M PP 015 920tt187 070 -0.645 +0.160 +0.206 4 24874 35625  107.30  20:06:10:05
adequate 4234 +0.17 £0.113 +0.242 +0.430 +0.133 +14.84 -150 +175.28
015 92Aug3L0 100 —-0.673 +0.312 +0.674 4 22496 35346 12843  20:07:16:51
robust +245 #£0.24 +£0.135 £0.153 +0.320 £0.108 +10.20 -3.18 +175.28 .
N Q03 92Augl77 063 -0443 40.196 +0.399 25 23137 35275 12157  20:10:29:19
adequate +0.3 £0.01 £0.002 +0.013 +£0.011 *0.156 +7.33 -3.65 +172.61

0.2 92 Aug 9.7 057 -0.402 +0.161+0.378 139 23024 35233 12230  20:10:29:17
robust +0.2 £0.01 =+0.001 +0.011 +0.009 +0.089 +8.67 -394 +171.98 )
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Table 1 (continued).

Rejection Velocity of separation (m/s) Number Sepa-  Sun’s Angle -y”/ Predicted
Fragment cutoff Time of of data/ ration direc-  Jovicen- impact time,
———— (arcsec)/ separation, Component RMS  velocity: tion: tric true 94 Jul (uTcC)©
Daugh- Par- Conver- sep Total residud  a@sep/ asun/ anomaly, (d:hr:min:s)/
ter ent gence (TDB) Vsep Viad Viransv Vhorm (arcsec) Jsep Sun u® Status
P (P2) Q 03 92 Dec 25.7 1.23 -0.511 +0.674 +0.887 34 211.85 0.39 14782  20:15:19:47
adequate +7.1 £0.08 +0.015 +0.090 £0.084 £0.148 +6.27 +0.75 +176.68
Q 0.2 92 Dec 14.5 114 -0.478 +0.585 +0.851 24 210.29 359.70 148,22 20: 5:23:56
adequate +6.4 +0.03 +0.014 £0.050 +0.019 +0.111 +8.62 +0.39 +176.50
Q 0.2 92 Nov 4.9 050 -0.438 +0.126 +0.198 27 249.25 357.28 107.74  20: 5:10:43
.adequate +10.5 £0.05 £0.017 +£0.080 +£0.097 +0.102 +13.47 -0.92 +175.72 .
Q' 0.05 92 Dec 194 0.69 -0.555 +0.226 +0.. 3 241.27 0.00 117.58  20: 4:45:16
robust +8.5 +0.05 £0.019 £0.090 £0.082 £0.038 +14.48 +0.55 +176.58
Py p* 0.3 92 Nov 18.5 1.07 +0.030 -0.564 -0.904 16 9°94  358°13 11°81  20:17:24:03
weak +84.9 £0.32 +0.050 £0.435 £0.262 +0.135 —0°15 —0°46 +175°98
pi 0.05 92 Nov 17.3 099 +0.039 -0.519 -0.840 3 10.37 358.02 1235  20:17:30:15
robust +39.5 +0.43 +£0.023 +0.592 +0.361 +0.046 -0.71 -0.51 +175.95 0
Q%™ 0.2 93 Apr 8.1 098 -0.441 -0.825 -0.295 11 349.87 7.06 33.05  20:16:40:43
robust +21.4 +0.20 £0.020 +£0.112 £:0.569 £0.091 +32.95 +4.06 +178.04
Q“I" 0.1 92Dec27.6 0.73 -0.509 -0.302 -0.422 3 326.04 0.51 36.39  20:15:37:10
robust +26.5 +0.18 £0.042 +0.132 £0.299 £0.090 +13.48 +0.82 +176.72
Q: Q 02 93 Apr 15.7 0.36 —0.078 +0.194 +0.207 15 197.86 7.56  158.76  20:19:43:52
adequate +18.9 £0.02 +£0.006 =£0.014 £0.017 £0.077 +14.32 +4.30 +172.29 ]
Q '01 93 May 2.1 037 -0.082 +0.185 +0.307 9 197.83 8.67 156.76  20:19:43:33
adequate £13.0 £0.03 £0.004 :+0.034 £0.032 +0.053 +16.59 +4.81 +178.27
T S'03 92 Dec 10.8  0.77 +0.272 +0.278 +0.660 15 166.75 359.46  165.79  21:18:30:16
robust +18.1 £0.04 £0.028 +0.095 +0.031 #0.155 +6.14 +0.26 +176.42
S ¢ 02 92Dec14.6 0.78 +0.274 +0.306 +0.665 11 167.39 359.70 16654  21:18:28:57
robust +16.9 +£0.02 +0.026 +£0.030 +0.021 £0.135 +5.08 +0.39 +176.49
u 0.6 92 Nov 5.1 0.68 -0.311 +0.270 +0.541 9 211.61 357.28 14434 21:18:10:27
adequate +37.8 £0.09 +0.057 £0.168 +£0.071 +£0.332 +11.44 —0.92 +175.69 (o]
u 04 92 Nov94 078 -0.326 +0.368 +0.603 7 209.02 357.55  147.67  21:18:08:41
robust +£26.8 +0.06 +£0.042 +0.060 +0.062 +0.238 +8.74 —0.77 +175.80
v 0.5 92 Sept 16.6 100 -0.612 +0.353 +0.703 10 221.23 354.39 13296  21:18:08:50
adeguate £29.8 +0.15 £0.123 +0.241 +0.136 +0.302 +946 -2.60 +174.23
VvV ‘0.3 92 Sept 150  0.99 -0.604 +0.349 +0.696 5 221.02 354.30  133.07  21:18:09:43
robust +26.3 £0.11 +0.109 +0.152 *0.094 +0.178 +9.72 -2.66 +174.16
W 06 92 Ott 21.3 177 -1.050 +0.755 +1.206 13 222.20 356.41 13396  21:17:56:54
adequate +18.1 £0.16 £0.104 +0.204 £0.175 0.363 +7.62 -1.41 +175.35
we 0.4 92 Ott 8.0 1.61 -0.958 +0.628 +1.132 7 221.60 355.63 133.76  21:18:09:25
robust +13.9 £0.10 £0.079 £0.179 +0.081 +0.232 +864 -1.86 +174.99
u w 03 920tt16.0 0.89 -0.706 +0.284 +0.459 19 235.09 356.09 12058  21:22:00:09
adequate +8.4 £0.03 +0.034 £0.022 £0.017 £0.168 +12.50 —1.60 +175.21
W 0.2 92 Ott 7.3 0.87 -0.671 +0.271 +0.483 12 232.69 355.58 12246  21:22:01:18
robust +6.4 £0.02 £0.026 £0.017 +0.019 £0.106 + 12 .66 —1.80 +174.96 o
% w 03 92Dec 104 060 -0.349 +0.278 +0.406  31¢  222.85 359.44 13577  22:04:23:30
adequate +0.2 £0.01 £0.001 *O.010 £0.007 £0.135 +9.11 40.25 +176.41
w 02 92 Dec 7.3 059 -0.344 +0.264 +0.402 23° 22288 359.25 13549  22:04:23:30
adequate +0.2 £0.01 +0.001 £0.009 =+£0.006 +0.104 +9.65 +0.15 +176.37 .

Angle between the fragment—Sun vector and the separation-velocity vector at the time of secondary-fragmentation event.
Calculated as the angle subtended by the Jupiter-fragment vectors at perijove and at the time of secondary-fragmentation event.

© As observed at the Earth.
Systematic trends in the residuals.
iye-parameter snlution ifferentjal deceleration = 8.11 0.98 units qof 20 lar attraction.
): Five-parameter solut?on ddlfferentilal c?ecgferatﬁon = 8./5 :f:tO.B% units o? 10 5550 ar attracttlon
9Includes 4 pseudo- observation generated from the known impact time and location of the secondary fragment.
'.' Five- parameter solution: differential deceleration = 178:!: 2.2 units of 10~% solar attraction.
' n Hu elescone ohservatjons only. is |nvo|v?(i g
J Five- parameter sosl‘?xtlon differential deceleration”= 186 :EQZB units 07 "solar attraction.
¥ Five- parameter solution: differential deceleration = 34.5+ 11.6 units of 10-s solar attraction.
Five-parameter solution: differential deceleration = 32.0+ 5.7 units of 10-s solar attraction.
™ Five-parameter - solution: differential deceleration = 66.6+ 4.1 units of 10-s solar attraction.
"Five-parameter solution: differential deceleration = 55.0* 6.7 units of 10-s solar attraction.

position is assumed to coincide with that of Q ;.
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Fig. 1. Moations of daughter fragments relative to their parent fragments in projection onto the plane of the sky. The individual
pairs are B relative to H, F relative to K, N relative to Q, and V relative to W. The large solid circles are the fixed locations
of the parents, the dots are the offsets “daughter minus parent” from the employed astrometric observations, the asterisks on
the trgjectories of fragments N and V are the observed impact events used as pseudo-observations, and the curves are the best
optimized dynamical solutions from Table 1. Note that the scales for the four pairs are shifted relative to each other.

When the tabulated value for the rejection cutoff is
smaller than 0.2 arcsec,it represents the maximum resid-
ual of all the available observations, rounded off upward to
the nearest multiple of 0.05 arcsec; the involved astromet-
ric data are those from the HST or the best ground-based
observations. The convergence of a solution is character-
ized asrobust, when in the differential-correction proce-
dure the absolute value of the iterated correction to each
of the separation-velocity components can eventualy be
reduced to about 0.0001 m/s or less and the iterated cor-
rection to the time of separation to about 0.005 day or less.
The convergence is described as adequate, when the abso-
lute values of the respective corrections can be reduced to
<0.0004 m/s and <0.05 day; and it is judged to be weak,
when they fail to drop below ~0.001m/s and ~0.1 day.
When the correction values cannot be brought down even
to these levels, it is concluded that such solutions have
not converged and they are not listed in Table 1. Only
two weakly converging solutions are tabulated. A symbol
in the table’'s status column (identical with the symbol

used in Fig. 4) indicates the solution that was selected as
the most representative one among the scenarios consid-
ered for the given daughter fragment. Each such solution is
employed in our further analysis (Sect. 5). The bullets and
open circles refer to the 1992 breakup episodes with the
bullets relating to what we believe are genuine secondary
fragments. The open circles refer to tertiary fragments,
the square identifies the only 1993 event detected, while
the stars mark probable primary fragments.

Table 2 presents information on the scenarios for
secondary-fragmentation events which were considered
but failed to result in converging four-parameter or five-
parameter solutions, or for which solutions were not at-
tempted for important reasons. The individual columns
yield the daughter fragment, the assumed parent frag-
ment, the rejection cutoff employed, and a description of
the difficulties encountered.

In the following, we describe and evaluate details on
the results of our orbital anaysis for the individual events
of secondary fragmentation.
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Fig. 2. Motions of daughter fragments relative to their parent fragments. The individual pairs are: P2 relative to Q, T relative
to U, and U relative to W. See the caption to Fig. 1 for more details.

4.1. Condensation A

We investigated the possibilities that A could have been
derived fro-m C, E, or G but none of these scenarios was
found to be acceptable.

Insurmountable convergence difficulties were encoun-
tered in searches for four-parameter solutions with C or E
as the parent. Sets of three-parameter solutions indicate a
broad minimum in the sum of squares of the residuals that
is centered on Aug.5 29 days and July 23+ 40 days
when C and E, respectively, are assumed to have been
the parent. The perijove time is within 1o of the result
for C and within 0.5¢0 for E. Also, the premise of A as a
small fragment of C is hard to defend because the impacts
of these two nuclel were rated to be comparable in mag-
nitude both morphologicaly (Hammel et &/. 1995) and in
terms of a peak near-infrared flux (Nicholson 1996).

The premise of G as the parent led to a converging
four-parameter solution (a separation on August 18-20,
1992 with a velocity of ~1.6m/s for the rejection cutoffs
of 0.2-0.3 arcsec). However, the predicted impact time was
too early by approximately 5 minutes, which for this frag-
ment is considered unacceptable.

Because of the on-train position of this condensation
(Sect. 7), it is argued that A is most probably a product
of the progenitor's remnants separated in a breakup that
was part of the initial disruption in July 1992.

4.2. Condensation B

This is one of the most difficult cases for identifying the
parent fragment. Altogether, seven potentia parents were
under consideration: A, C.D, E, F, G, and H.

We soon dismissed the hypotheses that assumed the
parent to be A, C, D, or E. Their common weakness was
a strong systematic trend, in excess of 1 arcsec, in the
residuals from the positional offsets in July 1994.

The premise of fragment F as the parent would make
B a tertiary fragment (Sect. 4.5). With a rejection cut-
off of 0.3 arcsec, the converging four-parameter solution
(Table 1) left systematic residuals in the pre-conjunction
1993 offsets of at least 0.2 arcsec in both coordinates. In
any case, this solution is invalidated by the predicted time
of separation of fragment B from F which precedes the
computed time of birth of fragment F (Table 1). Restrict-
ing the residuals to 0.2 arcsec would require that all pre-
conjunction 1993 data points be discarded. Such solutions
would clearly be inferior and they were not included in
our search. *

The assumption of fragment G as the parent resulted
in a converging four-parameter solution (Table 1) that
left systematic residuals of nearly 0.4 arcsec in the pre-
conjunction 1993 offsets in declination. No attempt was
therefore made to search for solutions constrained by a
rejection cutoff tighter than 0.4 arcsec.




Z. Sekanina et al.: Secondary fragmentation of Shoemaker-Levy 9

Table 2. Secondary-fragmentation scenarios for which four- and five-parameter solutions failed or were not attempted.

no convergence for four-parameter solutions; three-parameter solutions suggest that A probably
separated from the progenitor’s remnants in a breakup that was part of the initial disruption

no convergence for four parameter-solutions; three-parameter solutions suggest that A probably
separated from the progenitor’s remnants in a breakup that was part of the initial disruption
converging four-parameter solution yields an impact time that is inconsistent with observational

no convergence for four-parameter solution; three-parameter solution suggests Tiep < Jul 10;
strong systematic trends in the residuals; when introduced, deceleration is poorly defined and

no convergence for four-parameter solution; three-parameter solution suggests T,.,< Jul 10;
strong systematic trends in the residuals, when introduced, deceleration is poorly defined and

no convergence for four-parameter solution; three-parameter solution suggests 7iep < Jul 10;
strong systematic trends in the residuals, when introduced, deceleration is poorly defined and

no convergence for four-parameter solution; three-parameter solution suggests Tiep < Jul 10;
strong systematic trends in the residuals, when introduced, deceleration is poorly defined and

solutions not searched for, as all pre-conjunction 1993 data points would have to be discarded
solutions not searched for, as all pre-conjunction 1993 data points would have to be discarded
no convergence for four-parameter solution; three-parameter solution suggests Ziep < Jul 10;
no convergence for four-parameter solutions; three-parameter solutions suggest Tiep < Jul 10;
solution not searched for, as all pre-conjunction 1993 data points would have to be discarded to
weakly converging four-parameter solution yields Tiep = 1992 Aug 5 £ 120 days and a separation

no convergence for four-parameter solution; three-parameter solution shows systematic trends

no convergence for four-parameter solution; three-parameter solution suggests Tiep < Jul 10;
predicted impact time grossly inconsistent with observational evidence; when introduced, the

Fragment o
——  Rdection
Daugh- Par- Cut off
ter ent (arcsec) Description of difficulties encountered
A C 0.3; 0.2
E 0.3; 0.2
G 0.3; 0.2
evidence
B A 0.4;0.3
negative
c 04; 0.3
negative
D 0.4;0.3
near zero
E 04; 0.3
near zero
F <0.3
to satisfy this constraint
G <0.4
to satisfy this constraint
D E 0.2
predicted impact time for D grossly inconsistent with observational evidence
G 0.3; 0.2
predicted impact time for D grossly inconsistent with observational evidence
F G <0.3
satisfy this constraint
G G ..
separation velocity that is indeterminate; no convergence for five-parameter solution
M N o
in the residuals
T S 0.3 five-parameter solution shows the deceleration to be essentially indeterminate
u 0.6 no convergence for five-parameter solution
Y 0.6
deceleration is indeterminate
U \Y 0.3; 0.2 both four- and three-parameter solutions consistently yield Tsep < Jul 10

Somewhat surprisingly, the assumption of fragment H

dynamical parameters are quite consistent: the predicted

as the parent was the only one that offered formally sat-
isfactory four-parameter solutions. Their convergence was
robust for all three assumed values of the rejection cutoff,
0.4, 0.3, and 0.2 arcsec (Table 1), and there were no sys-
tematic trends in the residuals. When a deceleration was
introduced as a parameter, its value came out to be essen-
tially zero and the offset residuals were not improved. The

time of separation on 1992 August 3-12, with a formal
error of less than £10 days, and the separation velocity
between 1.5 and 1.8 m/s, with a forma error of less than
40.2 m/s. Although this rate of separation is relatively
high (Sect. 6), we conclude that H is indeed the best can-
didate for fragment B’'s parent and that this separation
occurred four to five weeks after perijove.
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In our runs, the predicted time of impact is never ear-
lier than about 2:59 UTC (at the Earth) on July 17, 1994.
For the three best solutions, with H as the parent, the im-
pact times are between 3:01 and 3:05 UTC. This is consis-
tent within a ~2¢ uncertainty with Hammel et al.’s (1995)
result of 2:56+3 minutes from measurement of the impact
site. A detection of the impact of B was reported by de
Pater et al, (1994) between 2:56 and 3:13 UTC; in Table
1 of Paper 2 this is tentatively identified with the main
event. However, this duration is much longer than the 10
minutes recorded for the main event of fragment R, a more
massive object, with the same telescope several days later
(Graham et al. 1995). Unfortunately, the recording chart
of event B has a gap from 2:59 to 3:09 (de Pater 1997),
so that its temporal profile cannot be ascertained. If frag-
ment B disintegrated entirely into a dust-particle stream
before entering the jovian atmosphere and de Pater et al.’s
(1994) observations refer to the stream’s atmospheric en-
try, our predicted time is in very good agreement with
the reported timing, If the observation refers to the main
event, the impact time from our adopted solution (Table
1) is 11-12 minutes too late. Circumstantia evidence for
an early disintegration of fragment B is provided by Beebe
(1996), who concluded that the dark material in site B was
located higher in the atmosphere than the other dark fea
tures.

The fragments from K on have not been tested as po-
tential parents of B because unrealistically high separation
velocities of ~2 m/s or more would be required.

4.8. Condensation C

In spite of its insignificant (<1 arcsec) positional devia-
tion from the train (Sect. 7), this fragment’s status has
been unclear. Since the prominence of the C impact event
was judged to be on a par with those of the on-train frag-
ments A, E, and H (Hammel et al. 1995), it appears that
the a priori chance for C being a product of secondary
fragmentation is fairly remote. A study of C as such can
nevertheless be justified by referring to Nicholson (1996)
who classified the C impact as small, one category below
E and H and two categories below G.

These three fragments, E, G, and H, were considered
as possible parents of C and a search for plausible scenar-
ios was initiated. Converging and fairly satisfactory so-
lutions were obtained in all three cases, as shown in Ta
ble 1. The best agreement with the adopted time of impact
(Paper 2), which was based primarily on Takeuchi et al.’s
(1995) near-infrared observations of the second precursor,
is provided on the assumption that H was the parent; the
discrepancy in the predicted time of impact is then re-
duced to less than 30 seconds. However, from the evidence
presented in Sect. 7, we prefer to consider the history of
C to be similar to that of A; fragment C may have been
one of the last primary fragments that separated from the
progenitor's remnants in July 1992

4.4. Condensation D

The history of this fragment resembles that of C both
in that its status has been somewhat unclear and that
it shows no significant deviation from the nuclear train,
Also, Nicholson (1996) rated the impact phenomena due
to these two fragments as comparable in terms of the peak
near-infrared flux, Unlike C, however, the D impact event
was classified by Hammel et al. (1995) to be in the same
category as the impact phenomena of B, N, and Q,, al of
which belong to the group of the off-train condensations.
We investigated the hypotheses of D having been derived
from E, G, or H.

Considerable convergence difficulties were encountered
in our attempts to find a solution for D as a daughter frag-
ment of E (Table 2). The best result of many hundreds
of iterations, made during our experimentation with the
rejection cutoff and the variation steps, was a weakly con-
verging solution listed in Table 1. Although the predicted
time of impact is in excellent agreement with the value
adopted in Paper 2, the weak convergence offers very lit-
tle confidence in this solution. Similarly unsuccessful were
our efforts to come up with a meaningful scenario with
G as the parent fragment (Table 2). In this case, the pre-
dicted impact time was aways grossy inconsistent with
that adopted in Paper 2. A common trait of our attempts
to derive quasi-optimized three-parameter solutions for ei-
ther E or G as the parent was an early time of separation,
near or before July 10, 1992, suggesting that D was prob-
ably a primary fragment.

As in the case of C, the premise of H as the parent
of D led to converging four-parameter solutions for the
rejection cutoff values of 0.4, 0.3, and 0.2 (Table 1), but
the predicted impact time differed from the adopted value
by 4-5 minutes. This result strengthened our conviction
that the history of D was most probably similar to that of
A and/or C, with perhaps an even greater chance that it
was the last among the primary fragments to break away
from the progenitor’'s remnants in July 1992.

4.5. Condensation F

Three potential parent fragments, G, H, and K, were
tested for F. Of these, the solutions obtained on the as-
sumptions that either of the first two fragments was the
parent were rather unsatisfactory because they all left
systematic trends in the offset residuals from the pre-
conjunction observations. The G solutions could not ac-
commodate the offsets measured on the HST images from
July 1, 1993 to better than ~0.3 arcsec. On the other
hand, the H solutions, while fitting the July 1 offsets sat-
isfactorily, left unacceptably large systematic residuals of
up to 0.6 arcsec from the early 1993 observations which
had to be ignored. No improvement was achieved when
the deceleration was included as an additional solution
parameter.
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The assumption of fragment K as the parent led to dif-
ferent results. Our search for a successful four-parameter
solution failed miserably since the July 1994 offsets could
not be fit and left systematic offset residuals in excess
of 0.5 arcsec. The situation became much more encourag-
ing when a deceleration was introduced as an additional
parameter , The systematic trends in the residuals disap-
peared and the predicted time of impact was moved back
by ~ 13 minutes. Even though the derived deceleration is
relatively small (Table 1), it is very well determined with
a signa-to-noise ratio of 8 to 10.

4.6. Condensation G2

This fragment was first detected by Jewitt and Tren-
tham (1994) on May 7, 1994 at a separation distance of
about 5 arcsec from G. Subsequently,’ G,was aso iden-
tified on the HST images from March 29 and May 17
(Nell and Smith 1994) as well as on ground-based im-
ages taken by D. Tholen, R. Whiteley, and T. Kim on
May 5, 6, and 14 (Tholen 1994). A weakly converging
solution based on the six observations yielded essentialy
meaningless results that are not included in Table 1 (a
separation on 1992 August 5 & 120 days with a velocity
of 0.5+ 0.5 m/s). Other attempted solutions failed to con-
verge, including one with a deceleration introduced as a
parameter.

4.7'. Condensation J

The candidate parent fragments considered were K, L,
and N. In the first two scenarios J would be a secondary
fragment, while in the third scenario, a tertiary fragment.

This is one of two condensations that were observed
only by Jewitt et al. (1993) between March 27 and July 17,
1993. Its possible detection on an image taken by D.
Tholen with the 224-cm reflector at Mauna Kea on
1993 Dec. 14.648 UTC and measured by Scotti (1993) is
ruled out, as the offsets leave residuals of 3 arcsec or more
regardiess of the identity of the parent fragment.

The best solutions for the three scenarios are listed
in Table 1, The predicted time of impact is not a crite-
rion, because no evidence on the impact phenomena is
available. Nominaly, the superior solution is offered by
the scenario with N as the parent, which yields the least
RMS residual. This is our preferred scenario, but we no-
tice (Sect. 4.9) that the separation of J from N must have
occurred immediately after N had separated from Q.

4.8. Condensation M

The second of the two condensations detected only by
Jewitt et al. (1993) in March-July of 1993, this fragment
was considered to have separated either from Q or P. The
predicted impact time in the latter scenario would provide
a fairly good match to the apparently observed main event

(Table 1 of Paper 2). Unfortunately, this option is invali-
dated, because it implies with fairly high probability the
separation of M from P before the separation of P from Q
(Sect. 4.10). Reluctantly, we adopt Q as the direct parent
of fragment M, even though the predicted impact time is
off by more than 1 hour.

4.9. Condensation N

This is the only secondary fragment whose jovian im-
pact was observed with an instrument onboard the Galileo
spacecraft. Chapman et al. (1995) reported that the lumi-
nous event, detected by the Solid State Imaging camera,
lasted from 10:29:17 to 10:29:32 UTC on July 20, 1994
and that the rise time of the initial sharp flash was
~3 seconds. This constrains the impact to a period of time
from 10:29:17 t0 10:29:20 UTC; the two boundaries were
adopted for the impact time, respectively, by Nicholson
(1996) and in Paper 2.

The only parent candidate considered for N was frag-
ment Q. We were unable to find a converging four-
parameter solution based on the offsets from the exist-
ing observations. However, we employed the accurately
known impact time of fragment N to generate a pseudo-
observation: we calculated the astrometric positions for N
and Q (actually Q1) from their respective orbital elements
(Paper 2) at the time of impact, 1994 July 20.437 UTC.
Then we combined these derived offsets in right ascen-
sion and declination with the offsets calculated from the
available observations and searched for a strengthened so-
lution. The incorporation of the pseudo-observation into
the optimization procedure had an extremely beneficial
effect on the determinacy of the separation parameters,
as seen from Table 1.

4.10, Condensation P (later Pjor P2a)

It has already been established in Paper 1 that this frag-
ment had separated from Q (see also Sekanina 1996).
In the present study we started by searching for a four-
parameter solution, using the offsets of P2 on two dates
(July 1, 1993 and January 27, 1994) and P2a on one date
(March 30, 1994) relative to Qp, available from measures
on the HST images. The result was disappointing; the con-
verging solution yielded a mean residual of +0.17 arcsec,
about five times the typical error of positional measure-
ment on the HST images taken in the Planetary Camera
mode. The fit was improved considerably, with the mean
residual reduced to +0.038 arcsec, when the deceleration
was introduced as an additional parameter (Table 1). Nev-
ertheless, this improvement was largely cosmetic, because
the fact that P separated from Q, not P; from Q;, re-
mained unaccommodated. Strictly, one should begin with
modelling the motion of the unknown barycenter of }7,
and P; relative to the unknown barycenter of Q; and
Q2. Since this cannot be done in practice, the problem
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is to some extent rectified by considering only the high-
resolution data reported by the ground-based observers,
who in most cases measured only a single P fragment and
a single Q fragment,

This approach, while by no means perfect, led to con-
verging four-parameter solutions for the rejection cutoff of
both 0.3 and 0.2 arcsec. As is evident from Table 1, the in-
troduction of a deceleration improved the result somewhat
by accommodating a few more data points and modestly
reducing the mean residuals. Since the signal-to-noise ra-
tio of the deceleration came out to be as high as 8, we
selected this to be our preferred solution.

4.11. Condensation P

Two obvious candidates for the parent were fragments P
and Q. The early runs indicated that’ no four-parameter
solution could successfully match the offsets from either
presumed parent. This conclusion was reached indepen-
dently of whether the data came from the HST or the
ground-based observations.

The solutions based on the premise that fragment Q
was the direct parent suffered from the lack of knowledge
of the barycenter of Qi1 and Q,just as did the solutions
for P. The ground-based observations yielded, regardiess of
the applied rejection cutoff, very late separation times (Ta
ble 1) and predicted for July 1, 1993 separations that were
grossly inconsistent (in excess of 1.5 arcsec) with the sepa
ration reported from the HST observation. This could not
be an effect of Q2, which at the time was only -0.3 arcsec
away from Q,. When only the HST offsets were employed,
the problem of the barycenter correction again came to
the forefront. Strong systematic residuals left in virtualy
al instances in which P; was reported from the ground
illustrate these difficulties.

By contrast, we found the five-parameter solution
based on the HST observations alone and on the assump-
tion of the parent being identical with P to be very at-
tractive, as it fit 13 separations of P; from P2 reported
from the ground. Unfortunately, the run that combined
the ground-based and the HST entries did not offer any-
thing beyond a weakly converging solution (Table 1). Un-
der the circumstances, the preferred solution remains the
one baged solely on the HST data.

4.12. Condensation Pzb

This condensation was detected only on the HST images
taken on March 30, 1994 (Weaver et a. 1995). Using his
digital deconvolution technique, Sekanina (1995) was able
to resolve two point sources near the general location of
P2b, with the source 2 (Fig. 3 of Sekanina 1995) as the
prime candidate. He also was able to detect the same frag-
ment as the source 2 in the digitized image of P2 from
January 24, 1994 (Fig.2 of the same paper). Still, this
information is insufficient to examine adequately the rel-

ative motion of P2u. From a set of three-parameter so-
lutions, we find the nominal time of separation to have
been early December 1993. However, the separation ve-
locity is indeterminate and the solution is based on the
assumption of no deceleration, for which we cannot solve.
The severa months preceding the nominal date are more
probable candidates for the true separation time.

4.13. Condensation Q,

There is no doubt about the parent for this condensation,
detected only ~0.3 arcsec from Q,on the HST image from
July 1, 1993 (Weaver etal. 1995). The two presented so-
lutions extend the previous solution (Sekanina 1996). We
ascertained that the HST-based data could be combined
with the data from several high-resolution ground-based
observations to provide what we consider our best four-
parameter solution. We aso introduced a deceleration as
a solution parameter but found it to be very small and
poorly determined.

4.14. Condensation T

Altogether we considered four candidates for this conden-
sation’s parent — S, U, V, and W. Since T aways pro-
jected onto the tail of S, we examined whether it could
have been derived from S. The search for a solution based
on this premise was entirely unsuccessful with strong sys
tematic residuals (in excess of 1larcsec) in both right as-
cension and declination throughout the period of April-
July 1994. When the deceleration was added to the list of
parameters, it was poorly determined and the quality of
fit was not improved.

By contrast, fragment U turned out to be an excellent
candidate, except that simultaneous measurdments of T
and U were much too infrequent. In order to include as
many data as possible, we had to relax our standard re-
jection cutoff of 0.2-0.3 arcsec by a factor of two. Even
so, we ended up with fewer than 10 offset pairs and have
to contend with a fairly high forma error of the separa-
tion time, We see no systematic trends in the residuals.
When the deceleration was solved for, the solution failed
to converge.

Fragment V could readily be discounted as a parent
of T for two reasons. The residuals were entirely unac-
ceptable with large systematic trends in both right ascen-
sion and declination. In addition, the predicted separation
time, in mid-September 1992, violates the basic rule for
the tertiary fragments. T would have separated from V
long before V separated from W (Sect. 4.16).

The solutions with fragment Was the presumed parent
of T encountered similar difficulties as the solutions with
V, showing systematic residuals in both right ascension
and declination.

Fragment U remains the only acceptable candidate for
the parent of T.
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HIERARCHY OF NUCLEAR FRAGMENTATION OF COMET SHOEMAKER-LEVY 9

PARENT

Fig. 3. Hierarchy of nuclear fragmentation. The size of the symbols crudely characterizes the degree of prominence of the various
fragments and their impact phenomena. Solid and open symbols refer, respectively, to the observed fragments that remained
visible until collision with Jupiter and to those that disappeared earlier. Circled symbols refer to the nucleus of the progenitor
and to the primary and the secondary fragments that began to break up before the comet’s discovery.

4.15. Condensation U

We considered only two fragments, V and W, as plausible
candidates for the parent of U. All attempted solutions
with V as the presumed parent pointed consistently to a
separation time before July 10, 1992 (Table 2) and were
therefore rejected. On the other hand, the solutions based
on the assumption that fragment W was the parent were
quite satisfactory and did not require the inclusion of the
deceleration among the parameters. The predicted time
of separation of fragment U from W is approximately one
month before the predicted time of separation of fragment
T from U.

4.16. Condensation V

Here we have another case, where the parent, this time
fragment W, appears to be undisputed. We were able to
find a four-parameter solution that offered an excellent fit
to more than 30 offset pairs. Nevertheless, the time of im-
pact predicted by this solution differed from the time de-
rived from the observation of the first precursor (Nicholson
1996; Paper 2) by -2.5 minutes and we looked for ways
to refine the result. The known time of impact allowed us
to construct a pseudo-observation for this instant, follow-
ing the same procedure as in the case of condensation N

(Sect. 4.9). Accordingly, we were able to come up with im-
proved solutions (Table 1) even though the differences be-
tween these and the starting four-parameter solution (not
listed in Table 1) are relatively minor in terms of both the
separation time and the separation velocity. There was no
need to introduce a deceleration.

4.17. Summary of findings

The case-by-case analysis of the discrete breakup events
provides us with information necessary to establish a
probable hierarchy of nuclear fragmentation of comet
Shoemaker-Levy 9, which we present schematically in
Fig. 3. In simple terms, there are essentially three kinds
of fragments — primary, secondary, and tertiary.

As primary we classify the 12 on-train fragments that
consist of the nine nuclei not examined here plus the three
nuclel that were subjects of Sects. 4.1, 4.3, and 4.4. The
complete list is: A, C, D, E, G, H, K, L, Q (later Q1), R,
S, and W. All we can say about them at this point is that
(i) they were products of an early fragmentation phase of
the progenitor comet shortly after its perijove passage on
7 July 1992 and, in any event, they existed as independent
objects by the end of that month; and (ii) the separation
times for the three of them examined here — A, C, and D
— could at best be only barely distinguished from the time
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+90°

Fig. 4. Right ascensions and declinations for the selected separation-velocity vectors of the 13 fragments from Table 1. Each
entry is marked by the presumed daughter fragment’s letter and by the symbol from the table's Status column. (Note that C
and D arein fact the primary fragments. ) The two curves are the great circles fit, respectively, through all the 11 points that
refer to the secondary and tertiary fragments (Case A in Table 3) and through the eight points that depict only the secondary
fragments (Case B). The coordinates of the corresponding rotation poles are listed in Table 3.

of perijove by the techniques employed. We will return to
the topic of the early phase of the fragmentation process
in Sects. 7 and 8.

Among the 13 off-train fragments examined, we iden-
tify nine as secondary: B, F, Gz, M, N, P (later P2 or
P2a),Q2, U, and V; and four as tertiary: J, Py, P2, and
T. Available information on two of these — Gz and P2b
— is too incomplete to offer a meaningful dynamical so-
lution, even though the identities of their parents are not
an issue. Interestingly, al 13 secondary and tertiary frag-
ments were derived from only five primary fragments (G,
H, K, Q, and W). Eight observed fragments had Q as their
common parent.

In the scenario that we propose here as the most likely,
the first event of secondary fragmentation took place in
early August 1992 when B separated from H. About a
week later N broke off from Q and immediately J from
N. In the last days of August F separated from K and
M from Q. In early October fragment U split off from
W and in early November P from Q and T from U. It is
also probable that during November Py separated from P,
which became P2. Fragment V broke off from W in early
December 1992 and Q2 from Q (which became Q1) some
four months or so later, during April 1993. The time of
separation of Gz from G is nearly entirely indeterminate

while P2b apparently broke off from P2 (which became
P2a) during the second half of 1993.

The tempora distribution of the 11 events of sec-
ondary fragmentation for which adequate information is
available is thus strongly nonuniform. Nominally (disre-
garding the errors involved), five of the 11 episodes are
calculated to have occurred in August 1992, within eight
weeks following the perijove passage. An additional five
separations are found to have taken place in a two-month
period between early October and early December 1992,
and one in April 1993. The overal pattern suggests that
the fragmentation rate was decreasing with time, perhaps
guasi-exponentially.

The derived separation-velocity vectors are also dis-
tributed very nonuniformly both in direction and in mag-
nitude. Figure 4 displays, in right ascension and declina-
tion, the distribution of orientations of the separation-
velocity vectors for the 13 fragments listed in Table 1. The
figure demonstrates that the vectors are arranged essen-
tiadly aong a great circle, with an average scatter of not
more than a few degrees. One of the most fundamental
results of our study, this effect is thoroughly examined in
Sect. 5.

The velocities of separation for the 13 fragments are
found to have ranged from 0.36 m/s for Q2 up to 1.7 m/s
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Fig. 5. The correlation between the separation time and the
separation velocity from the selected solutions for the 13 events
of discrete fragmentation listed in Table 1. The symbols used
are those introduced in the t able’s Status column. Each indi-
vidual entry is identified by the daughter fragment, with the
parent fragment parenthesized.

for F. An average for the 11 secondary and tertiary frag-
ments in Table 1 is 0,92 m/s. There is a correlation be-
tween the separation velocity and the separation time, as
illustrated in Fig, 5. The significance of this correlation is
addressed in Sect. 6.

The role of the differential deceleration in the relative
motions of the fragments involves two major issues: (i) an
explanation of its absence for most fragments and (ii) an
interpretation of its meaning in the cases of Py, P2, and
F, for which its introduction was necessary.

The first significant point to notice is that Pl, P, and
F are al among the fragments that displayed no detectable
impact phenomena (Table 1 of Paper 2), This negative
evidence suggests that virtually the entire mass of these
condensations arrived at Jupiter in the form of highly dis-
persed streams of particulate material.

On the other hand, analysis of the HST digital maps
from January and March 1994 indicates the presence of
objects of up to ~2 km in diameter in condensations F
and P2 and objects of up to ~1 km in diameter in con-
densation Pl (Sekanina 1995). In addition, the products of
a secondary-fragmentation event were always two distinct
condensations, not an elongated nebulosity. This evidence
testifies to the presence of one dominant mass in each com-
ponent at least at separation and for a limited period of
time subsequent to it. The diffuse appearance of the con-
densations suggests that much of the involved dust pop-
ulation was released during the episode. Otherwise, one
would have to postulate a bimodal velocity distribution
in the parent condensation, a premise with no physical or
dynamical rationale and virtually impossible to defend.

The only way to reconcile this seemingly contradictory
evidence from the early and the late stages of evolution

for fragments PI, P,, or F is to accept that they were
subjected to progressive fragmentation, gradually disin-
tegrating into ever smaller particulate as time went by.
Needless to say, this scenario does not apply indiscrimi-
nately to every single fragment, as documented by a great
variety of the observed impact phenomena.

The plausibility of the proposed hypothesis of progres-
sive fragmentation can be demonstrated by inspecting the
imaging sequences of some of the fragments. Perhaps the
most compelling example is that of PI, the fragment whose
motion was subjected to the most conspicuous decelera-
tion. A series of its HST images, reproduced by Weaver
etal. (1995) in their Fig. 2, clearly shows the gradual
change in the fragment’s appearance, from a relatively
compact condensation as late as January 1994 to an elon-
gated, ever expanding wisp of material in the period of
March-May and, eventually, to its disappearance in June.
The important aspect of this process is the progressive
loss of condensation, so that the nebulosity’s “core” be-
comes increasingly illusory and its bisection difficult to
impossible. What happens, in fact, is that even if there
are fairly massive subfragments buried in the cloud of de-
bris, they are opticaly so insignificant that the measurer
has no choice but to bisect the nebulosity’s centroid, which
is determined entirely by the distribution and dynamics of
dust particles of the prevalent size, even if, say, 10-meter-
sized or larger objects are present. If optically dominant
particles are small enough to be detectably affected by
solar radiation pressure (<<50 cm in diameter at an as
sumed bulk density of 0.2 g/cm?), then: (i) the majority
of condensations, for which the brightness distribution in
the innermost region remained dominated until (or amost
until) the arrival at Jupiter by a single large mass or a
compact aggregate of large boulders, is characterized by
the absence of a deceleration and (ii) the brightness distri-
bution near the center of Py,P2, and F apparently was, for
some time before impact, dominated by particulate debris
subjected to detectable effects of solar radiation pressure,
which are described by the derived deceleration; the preva-
lent particle diameter is calculated to have amounted to
~7 cm for F, ~3 cm for P2,and ~1 cm for P;.

One issue remains to be addressed: the concept of pro-
gressive fragmentation implies that the deceleration must
have increased with time, so that the solutions in ‘Table 1
offer for these three fragments only “effective’” deceleration
values, which are higher than the intrinsic decelerations
during the early phase of each fragment’s evolution and
lower (possibly much lower) than those during the final
phase. From experience with the nongravitational terms in
the equations of motion of comets, it is well known that
the nongravitational parameters are deterinined primar-
ily by the integrated effect of the force (regardless of its
physical nature) and are largely insensitive to the force's
temporal variations (e.g., Sekanina 1993). This is to be
expected whenever one tries to determine a dynamical
guantity from its second integral (in this case, positional
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offsets). Thus, the apparent success of the five-parameter
solutions (which force a constant deceleration) for Py, P2,
and F is not surprising and the need to incorporate in
these cases the deceleration among the dynamical param-
eters is not inconsistent with the evidence of a relatively
massive, gravitationally dominant nucleus at the time of
separation from the parent fragment and for a limited pe-
riod of time afterwards.

5. Distribution of separation-velocity vectors for
secondary fragments originating in the discrete
events

We submit that the peculiar distribution of the separation-
velocity vectors in Fig. 4 can only be interpreted as a prod-
uct of the approximately conserved angular momentum of
the progenitor comet at the time of initial disruption. Each
daughter fragment is envisaged as having been “launched”
tangentially from its parent fragment with a rotational
speed that dlightly exceeded the velocity of escape. The
applied centripetal tension, assisted by potentialy signifi-
cant thermal stresses (Sect. 8) was apparently sufficient to
spin off, from the parent fragment, one or more subfrag-
ments along planes of structural weakness, thus determin-
ing the size and shape of the resulting daughter fragments.
Even if the spin rate did not change significantly follow-
ing the progenitor comet’s initia disruption, the rotation
rate could easily exceed the critical escape limit from a
primary fragment. Indeed, while the maximum dimension
of primary fragments should be similar to that of the pro-
genitor, yielding a rivalling rotation velocity, their indi-
vidua masses were smaller, which necessarily implied a
lower velocity of escape from the fragment’s surface, com-
pared with that from the progenitor's surface. For exam-
ple, it can be shown that if the origina comet should have
split into 10 pancake-shaped fragments, the escape veloc-
ity from these fragments could drop to values as low as
0.4 the escape limit from the progenitor.

If the angular momentum of the progenitor cornet had
approximately been conserved during its disruption into
the primary fragments, this should be reflected in the
vectorial distribution of separation velocities for the sec-
ondary fragments. In particular, the great circle fit to a set
of separation-velocity vectors in Fig. 4 should identify the
progenitor's equatorial plane at the time of initial disrup-
tion. Expressing the directions of the separation-velocity
vectors in terms of the right ascension o and declination
4, the equation of this equatoria plane is

Arot COs o + Brotsina + tand = O, (1)

where Ao and Brot are constants defined by the right as-
cension arot and declination drot of the progenitor comet’s
“northern” rotation pole (from which the nucleus is seen
to spin counterclockwise) at the time of initial disruption:

Arot = COS Orot COt Sroty Brot = SN @rot COt &t. )

The solution is ambiguous, because the coordinates of the
“southern” pole yield the same values of Arot and Brot-
In practice, these constants are determined by a least-
squares optimization procedure from the distribution of
the separation-velocity vectors (Sect. 6). The ambiguity
is settled by an additional constraint, provided in Sect. 7
by the condition that the nuclear dimensions of the pro-
genitor comet not exceed a certain limit. It turns out that
only one sense of rotation satisfies this condition. If the
unit rotation vector consistent with this sense is wrot, the
unit separation Vector r, is defined by a cross product

Tsep = U (Vsep X Wrot)a (3)

where p is a normalization constant (¢ > O) and Viep is
the separation-velocity vector. Calling rg the fragment-
Sun vector at the time of separation, we find from the dot
product (rsep , re) Calculated for the 11 events involving
the secondary and tertiary fragments that the locations
of all separation points, except for Pl, were (somewhat
counterintuitively) on the antisolar side of the parents,
The angle v that is subtended by the fragment-Sun
and separation-velocity vectors is given by a dot product

7o * Veep
Iroll - | Vsepll

and listed in Table 1. On the antisolar side, ¥ > 90° for the
separation-point locations between sunset and midnight,
while ¥ < 90° for the locations between midnight and
sunrise. On the sunlit side, the separation occurs before
noon when ¥ < 90° but in the afternoon when ~ > 90°.

From Table 1 the angle v is found to have varied from
12° for P; to 159° for Q2. Of the 11 secondary and tertiary
fragments in the table, nine separated from the parent be-
fore local midnight and only two (F in addition to P;) after
midnight. Four of these fragments have the angle confined
to the interval 70-1 10°. In the context of the model for-
mulated on the basis of our new results, the implications
of the separation of the fragments from the antisolar side
of the parent fragments are addressed in Sect. 8.

Once the progenitor’s unit rotation vector has been es-
tablished, we proceed to calculate the two Eulerian angles
that define the orientation of the comet’s jovicentric orbit
plane at the time of initial disruption relative to its equa-
torial plane: the obliquity I and the argument & of the
subjovian meridian at perijove (Fig. 6).

The coordinates @jov,djov, Which describe the unit vec-
tor Njov pointing from the progenitor comet t o Jupiter's
center at the time of perijove, can closely be approximated
by the coordinates of the planet as seen from fragment K.
Similarly, the coordinates @orbsdorbs Which describe the
unit vector worb normal to the progenitor's orbit plane at
the time of initial disruption, can be approximated by the
coordinates for the northern orbit pole of fragment |i at
perijove. This approximation is accurate to a small frac-
tion of 1°, which is superior to the determination of the

4

cosy =
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EQUATORIAL PLANE

ORBIT PLANE

Fig. 6. Orientation of the equatorial and jovicentric orbit
planes on a spinning comet and the definition of the rotation
parameters. The point O is the nucleus center, P the northern
orbit pole, R the northern pole of rotation, N the ascending
node of the orbit plane on the equatorial plane (i. e., the comet’s
vernal equinox), and II the subjovian point at perijove. Angle
I isthe obliquity of the orbit plane to the equatoria plane and
& the argument of the subjovian meridian at perijove. The four
corresponding umt VECtors are Worb, Wrot, §2node, and jov-

rotation pole (Sect. 6). The equation of the orbit plane at
the time of initial disruption is

Aorb COS o+ Borb Sina +tan 6 =0,
where, in analogy with (2),
Agrb = COSorb COt borb (6)

The coordinates of the two nodal points at which the or-
bit plane and the equatorial plane cross each other can be
determined by equating (1) with (5). One set of these co-
ordinates, Onodes Snodes describes the unit vector ¥node of
the orbit plane’s ascending node on the equatorial plane
at the time of initial disruption which is calculated as a
cross product

Q)

Bowb = sin @orb cot Sorb.

Nnode - V(wrot X worb), @)

where v > 0 is another normalization constant. The rota
tion parameters 1 and ¢ are determined by the following
dot-product expressions involving the four unit vectors:

COS I = wrot*Worb; COS ® =node *“ o, (8)

where the range of I is from 0° to 180°, the range of @ from
0° to 360° (Fig. 6). When wrot fjov >0, then & < 180°
and vice versa.

Table 3. Solutions for the progenitor’s rotation vector from
information on secondary fragmentation events.

Northern pole

Fragments included o rotation Note
ot Orot
BCDFIMNP1P2Q2TUV 68%6  +77°8
+12% +3%4
BFJMNP P.Q:TUV 68.9 +77.8 Case A
+14.0 +3.8
BCDFMNP2Q2UV 151 +76.8
+9.4 +1.8
BFMNP;Q:UV 148 +76.8 CaseB
+11.0 *2.1
BFMNP, UV 844 4772
*14.3 +2.7

6. Rotation vector and the effective diameter of
the progenitor comet, and the quasi-continuous
disintegration process

Various combinations of the 13 solutions selected for the
fragments in Table 1 were used to determine the rota-
tional parameters of the progenitor comet following the
approach described in Sect. 5. The resulting coordinates
of the northern rotation pole based on five sets of the frag-
ments are listed in Table 3.

The first set comprises the preferred solutions for all
13 fragments included in Table 1. The second set excludes
the two probable primary fragments, C and D. It is noted
that their exclusion has practically no effect on the results.
The third set keeps C and D in the sample, but excludes
the tertiary fragments J, Py, and T. Their remova can be
justified by arguing that their parents, the secondary frag-
ments N, P2, and U, suffered more losses of the original
angular momentum than the primary fragments, so” that
these episodes in fact provide information that is some-
what inferior to that supplied by the events involving any
of the primary fragments. We note that the elimination of
J Py, and T from the set affects the rotation pole's right
ascension.

Furthermore, one can argue that the primary frag-
ments were gradually losing the “memory” of the ini-
tial angular momentum with every additional secondary-
fragmentation event, in which case the episode that should
provide the least reliable information is the last separation
detected, that of Q2 from Q;.The fifth set, which amounts
to the fourth set minus this event, yields (apparently by
coincidence) results somewhat similar to those from the
first and second sets. In summary, the pole coordinates
cluster around two points, the right ascensions of which
are, respectively, near 70-80° and 15°, while the declina-
tions are always between -+76° and +78°. No two solu-
tions in Table 3 yield points that are farther apart from
each other than 15°. In the following we derive our further
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Table 4. Rotation parameters of the progenitor comet.

V ECTOR Worb VECTOR oy

aorb = 181%59 ajov = 99°85
Sorb = +20°26 tsjov = -921°27
VECTOR Qnode PARAMETERS /,®
CaseA: CaseA:
Qnode = 275%7 %1% | = 74°8 4+ 2°7
Snode = +10°94 328 d=19197 + 3%
Case B: CaeB:
Onode = 272%6 £ 0°9 I = 82% £ 1°%9
Onode = +2°84 2% $=199°7+2'73

results on two assumptions regarding the rotation vector:
Case A, which is identical with the second set and is based
on the 11 secondary and tertiary fragments and Case B,
which is equal to the fourth set and is based on the eight
secondary fragments. Comparing these results with the ro-
tation vector for the nomina model of Shoemaker-Levy 9
that we formulated in Paper 1, we find that the difference
(between the opposite poles) is 29° for Case A and merely
18° for Case B.

The rotation parameters I and ¢ calculated for the two
cases together with the directions of the relevant vectors
(Sect. 5) are listed in Table 4. The derived obliquity in-
dicates that the progenitor comet had its spin axis tilted
some 7-15° to the jovicentric orbit plane near perijove,
making an angle of ~T70°to ~80° with the direction to
Jupiter at perijove, as illustrated in Fig. 7.

Having established the initia spin-vector orientation,
we next address the significance of the initial rates at
which the fragment pairs are found to have separated (Ta
ble 1). Consider first an oversimplified model for a spher-
ical nucleus of mass M, bulk density p, diameter D, and
negligibly low tensile strength ctens— O. In order for a
particle at the surface to escape, it need be given a criti-
cal velocity Verie that is to satisfy a condition

12 = U =22 = 4nGop?, 9
where U is the gravitational potential of the particle on
the surface and G the universal constant of gravitation.
Next we relax the constraint of negligible strength and
consider a rotating nucleus of the same density, diame-
ter, and total mass, but of variable tensile strength. For a
small piece of the nucleus to be at the point of breaking
away due to rapid rotation, the tangentia rotational ve-
locity Viens must satisfy a relation Otens = %PVtgns, where
Otens IS the local effective tensile strength. In order for
the piece not only to break away but also to escape, the
condition for the critical velocity depends on the fraction
B < 1 of the energy that is lost due to friction, ther-
mal effects, etc. during the breakup and on the relation

between the gravitational and the cohesion terms. When
4GM/DVZ, > 1-3, the condition for the critical velocity
becomes

2GM

Otens
Ve = 5+ 38Vides = §7GpD* + 8 't;—n (10)
When 4GM/DV2 <1 -3, the condition is simply
Verit = Viens . (11)

For a rotationally stable object the spin rate is below
the critical limit and no piece can break away. When Ctens
is suddenly reduced, at least at some locations on the nu-
cleus, due for example to the development of internal and
superficial cracks caused by the jovian tides, the rotational
tension may locally exceed the strength and a breakup be-
comes possible. The conclusion that Jupiter's tidal forces
extensively cracked the nucleus of the progenitor but did
not break it apart is used in Sect. 8 as a magjor argument
in our formulation of a new model for comet Shoemaker—
Levy 9. Hence, the relationship between the tida and the
rotational (and thermal) forces plays a major role in our
considerations.

Next, we relax the unredlistic constraint of spherical
shape for the nucleus fragments. It turns out that the
gravitational potential at the surface of a body of any
shape can be written in the form

(12)

where D ishow the object’s characteristic dimension and #
is a dimensionless parameter that depends on the object’'s
shape and the location of the potentially separating mass
on the surface. Hence, with these minor modifications the
conditions (10) and (11) are valid quite generaly.

Because the progenitor comet's spin vector is found
to have nearly coincided with the jovicentric orbital ve-
locity vector at perijove, of particular interest are disk-
shaped fragments rotating along an axis that is aligned
approximately with the disk’'s effective diameter D (Fig.
7). Let the disk’s average thickness be t and its charac-
teristic thickness-to-diameter ratio f = t/D, which is typ-
icaly much smaller than unity. In anaogy to (10), one
finds that when #GpfD?*6/V2,>1 — B, the condition for
the critical velocity in the case of a disk-shaped nucleus is
3Vaie = 1nGpfD?0 + §8Viins- (13)
When #GpfD?8/V2,s< 1--8 the condition coincides with
that of (11).

Let us consider two points on the disk’s surface. One
of them, point A in Fig. 7, is situated at a distance of %t
from the center along the line normal to the disk’s base
and passing through the center. The parameter @ for this
point A is

9=/1+4f2 +2f + %ln (2f+\/1+4f'2>.

(14)
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Fig. 7. The progenitor comet’s rotation-vector orientation (Case A) at perijove (J = Jupiter): schematic views in the orbit plane
in the direction of Jupiter (Ieft) and normal to the orbit plane (middle). The dotted end of the spin axis refers to the northern
pole. The fine crosshars across the comet’s contour in the middle panel represent the planar sections along which a homogeneous
nucleus would tend to crack due to the jovian tides that peak sharply at perijove. Rotational tension separates the cracked
nucleus into several disk-shaped fragments along the cracks. One such spinning disk-like fragment is shown schematically on
the right. At the points A and B the gravitational potentials are given by (12), with 8 from, respectively, (14) and (15).

The second point, B in Fig. 7, is one of the points midway
between the two planar surfaces of the disk. The distance
of any such point from the disk's center is & -21-D (the
disk's planar surfaces are assumed to circular only in the
first approximation) and the parameter 8 is expressed by
an integra

1 [ldz

P=5Fh

V1-y*

X/1 arctan Qf:bi
-1 1-zy /1= 2zy + z2(1+f2)

The derived separation velocities Veep offer robust es-
timates for the critical velocities Verit necessary for the
secondary-fragmentation episodes to occur. Although one
expects that Viep > Verit for a successful separation, the
calculated values of Vsep cannot be very different from
Verie for two reasons. one, the calculated separation veloc-
ity is that “at infinity” and therefore somewhat lower than
the true separation velocity at the surface of the parent
fragment; and, two, the fragmentation event would have
occurred earlier, thus preventing Viep >> Verit from ever
materializing. This argument is based on our tacit premise
that cracks were continuing to propagate throughout the
nucleus during the post-encounter period, with the tensile
strength of both the parent and the daughter fragments
gradually decreasing with time. Compelling, straightfor-
ward evidence for this kind of progressive disintegration
is provided by the disappearing condensations J, M, Py,
Pov, or G2. As secondary fragments are released one by

dy. (15)

one, the mass and the dimensions of the surviving parent
fragments decrease with time. Hence, Veric decreases with
time, because tensy M, and D all decrease with time.
Although some scatter resulting from the unevenness in
the initial dimensions and irregular shape of the various
fragments must be present, we would expect that the sep-
aration velocity in secondary-fragmentation events should
systematically decrease with time. Agreement between this
prediction and the data derived from the observations in
Fig. 5 is striking,

The next and fina task in this section is the exam-
ination of constraints on the effective dimensions of the
progenitor comet’s nucleus. Important information comes
from considerations of the jovian tidal forces. Assuming a
nucleus of 10 km in diameter and 0.2 g/cm’in bulk den-
sity, Sekanina (1996) calculated that the peak tidal stress
at perijove amounted to 0.0038 bar, which, as we now ar-
gue, amost (but not quite) broke the nucleus apart. Thus,
the comet’'s tensile strength must have been just dlightly
greater than this value. Since it varies as the product of
the bulk density and the square of the diameter, the equiv-
alent tidal stress exerted on the nucleus of 1.5 km in diam-
eter and 0.6 g/cm’in density (Asphaug and Benz 1996)
is merely 0.00026 bar. However, Greenberg et al. (1995)
calculate that aggregate cometary material consisting of
submicron-sized interstellar grains should have a tensile
strength of ~0.003 bar or greater. Consequently, the nu-
cleus of the size advocated by Asphaug and Benz could
not split tidaly at al. The only recourse one has in the
case of a diameter <<10 km is to postulate an unphysical,
strengthless  model.
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Uncertainties in the tensile strength of the fragments
are too high to allow us to derive a reliable effective nu-
clear diameter from these constraints in a general case.
However, if one neglects energy losses (8 — O) during a
breakup at a plausible point, marked B in Fig. 7, the disk-
shaped model for the primary fragments yields for the ra
tio of D/Verit values of 14.1, 10.2, 8.6, and 7.6 km/m/s
for an assumed thickness-to-diameter ratios f of 0.1, 0.2,
0.3, and 0.4, respectively. As long as BV, << Vi these
numbers offer relatively tight upper limits to the effec-
tive diameters of disk-shaped fragments. Note that only
for the primary fragments near the middle of the train
will the derived diameters be approximately equal to the
(polar) diameter of the progenitor nucleus, while for the
others, especialy W, they will be smaller. With the sep-
aration velocities of 1.6-1.7 m/s for the two most rele-
vant secondary-fragmentation events ‘(B from H and F
from K), the derived upper bounds are well in excess
of 10 km in the entire range of considered thickness-to-
diameter ratios. That the actual diameter could not be
much smaller than 10 km becomes obvious, when one cal-
culates the corresponding rotation period. For an equato-
rial rotational velocity of 1.6 m/s, the spin period is found
to be ~5.5 hours for D = 10 km, but a ridiculously small
value of 49 minutes(!)for D = 1.5 km.

Our present results thus provide strong evidence that
the progenitor nucleus of Shoemaker—Levy 9 had been a
rapid rotator and that its rotation played major roles both
in the object’s initial disruption and in the subsequent
sequence of secondary-fragmentation episodes. Unless the
fragments were inexplicably spun up during the initial dis-
ruption, the comet must have been in the state of internal
tensile stress before its encounter with Jupiter and it was
only its tensile strength that prevented its earlier split-
ting. A significant loss of this resistance, due to the jovian
tidal action in the immediate proximity of the 1992 peri-,
jove, triggered the spectacular “chain” of episodes whose
products were observed worldwide as constituent parts of
what can, without exaggeration, be called the event of a
millennium.

7. Orientation of the nuclear train and additional
information on the primary fragments and the
progenitor nucleus

In Paper 1, extensive experimentation with our ephemeris-
determination software led us to a conclusion that the time
of disruption of cornet Shoernaker-Levy 9 determined the
temporal variations in the position angle of the nuclear
train. This effect was found to be asymmetric in that
the position angles (at any particular time) implied by a
breakup at the same jovicentric distance before and after
perijove do not match. Accordingly, the observed varia-
tions in the position angle of the on-train fragments could
be exploited to derive an effective time of the initial dis-
ruption.

We also showed in Paper 1 that from the known time
of initial disruption and angular length of the nuclear train
at any later time one could determine the dependence be-
tween the size of the progenitor nucleus (along the radius
vector from Jupiter) and the increment in the orbital ve-
locity involved, Thus, the dimensions of the comet could
not unequivocally be determined in this fashion without
additional information.

The sample of position-angle observations in Paper 1
consisted of only 42 measures between discovery and mid-
January 1994. This set was later extended to 144 data
points covering the entire period of observation and the
results of this unpublished work were reported only briefly
(Sekanina 1996). As a result of this extension the initially
derived breakup time of 2.2 hours after perijove was re-
vised to 2.5 hours after perijove; the estimated uncertainty
in both cases was 0.5 hour.

We now introduce a few changes in the procedure of
calculating the position angles of the train. First of al,
we use the definitive orbital elements from Paper 2, which
were not available for the earlier analyses. The train’s po-
sition angle is now referred to fragment K, rather than Q,
so as to reckon it from a point as close to the middle of
the train as possible. The separation from K at the time
of disruption, used in the position-angle determination,
is calculated from each fragment's predicted impact time
(which is constant) rather than from its observed offsets
(which vary with time), Finaly, we check the results based
on the set of the eight “standard” fragments used before
(E, G, H, K, L, Q S, and W) by repeating the proce-
dure with an eleven-fragment set (adding .4, C, and D to
the standard set). Unfortunately, only 41 data points then
qualify by offering sufficiently high positional accuracy.

Table 5 illustrates the superiority of the results based
on the standard, eight-fragment set. The minimum on the
curve of the sum of squares of the position-angle residuals
is very well defined and the distribution of the residuals
is symmetric, with the average residual attaining zero at
about the same assumed time of disruption for which the
sum of sguares of the residuals reaches its minimum. With
its formal error, the adopted time of initial disruption is
3.1 & 0.2 hours after perijove. One notices that a breakup
12 hours after perijove provides a better fit than one at
perijove and that a breakup 24 hours after perijove offers
a better fit than a breakup 1 hour before perijove.

Even though the solution based on the set of eleven
fragments is distinctly inferior, it is encouraging that it
yields a time of disruption of 2.3 + 0.7 hours after peri-
jove, which overlaps the above result. The comet’s initial
disruption did not occur at perijove but some 3 hours or
so later.

As a byproduct of the nuclear-train analysis we ob-
tained extensive tabulations of the offsets of the individ-
ua fragments from the mean position of the train. The
average offsets (positive to the north of the train, neg-
ative to the south) are listed in Table 6 separately for
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Table 5. Sum of squares of the residuals from the nuclear
train’s position angles as a function of the assumed effective
time of initial disruption, based on the sets of 8 fragments E-W
(144 observations) and 11 fragments A-W (41 observations).

Set of Assumed  Sum of squares  Calculated

on-t rain time of of residuals in average residual
fragments  disruption  position angle in position angle

employed (hr)® (deg®) (deg)

E-W -1 37.8373 -0.33

0 18.3192 -0.22

+1 7.0933 -0.11

+2 3.9837 -0.05

+3 3.3026 0.00

= +3.1 3.2976 0.00

+3.2 3.3011 +0.01

+4 3.5587 . +0.03

+5 4.2682 +0.06

+7 6.3588 +0.10

+12 12.9086 +0.18

+24 29.3044 +0.30

+48 58.6515 +0.44

A-W +1 0.9078 -0.09

+2 0.7657 -0.07

+2.2 0.7602 -0.06

+2.3 0.7606 -0.06

+2.4 0.7599 -0.06

+2.5 0.7622 -0.06

+3 0.7804 -0.05

+4 0.8541 -0.03

+5 0.9530 -0.02

‘Reckoned from perijove: negative is a preperijove time, positive are
post-perijove times.

the pre-conjunction (until the end of July 1993) and post-
conjunction (from December 1993 onward) periods. On
the left-hand side of the table we show the 12 on-line frag-
ments while on the right-hand side, the 12 off-line frag-
ments (not listed is Pzb)- The rows “8” and “11* list the
offsets from the train that is defined by, respectively, the
eight fragments E-W and the eleven fragments A-W. The
distribution of the pre-conjunction offsets confirms — with
a few unimportant exceptions —- the conclusion from Pa
per 1 that the offsets of the on-line fragments are within
their errors while the offsets of the off-line fragments ex-
ceed their errors by a factor of up to severa.

The post-conjunction results also confirm that the sec-
ondary and tertiary fragments deviated significantly to-
ward the north of the nucleartrain, but this time there
are no exceptions. Because al these fragments originated
in the events of secondary fragmentation, one can ar-
gue that, as a rule of thumb, later separations from the
parent object statistically correlate with more prominent
northerly offsets in the post-conjunction period. In fact,
five of the nine off-train fragments for which this exercise
could be carried out — F, N, PlI, P,, and T — have a

post-conjunction average-offset rate between +40.03 1 and
+0.042 arcsec per day of separation time reckoned from
the 1992 perijove (fragments J, M, and G,have insuffi-
cient data), The mean offset rate for the nine off-train
fragments is +0,028+ 0.016 arcsec per day of separation
time.

Turning now to the on-train fragments in the post-
conjunction period we find that their offsets from the
train based on the eight-fragment set range from -0.25
to +0.46 arcsec, equivalent, using the above derived rates,
to a period of ~20 days during which the breakup events
that gave birth to the 12 primary fragments should have
occurred. Although this is aimost certainly a crude over-
estimate, an indication that the average offsets of these
fragments may not overlap each other provides evidence
that the initial disruption could have been a sequence of
breakups rather than a single event. Support for this con-
clusion is offered by the identity of the on-train fragments
of extreme southerly and northerly offsets, as discussed
in the next paragraph. Another argument is based on the
evidence aready presented in Sects. 4.1, 4,3, and 4.4 and
further discussed below, The crude estimate of 20 days is
the basis for our claim in Sect. 4.17 that al the on-train
fragments existed as independent fragments by the end of
July 1992. A more conservative estimate for the duration
of the presumed initial sequence of breakups probably is
just a few days at the most.

Returning to column 4 of Table 6, we would like to
cal attention to a pair of the on-train fragments G and
K. They have the largest southerly ofisers from the train,
comparable with their 1o in the ‘8" sample and with their
20 in the “11" sample. According to our rule of thumb,
these two fragments, which were among the three most
massive ones upon impact, were probably involved in the
earliest event of the presumed sequence of breakups. An-
other group of noteworthy objects includes D, C, and
A, which among the on-train fragments have the largest
northerly oftsets in the “8” sample, comparable with or ex-
ceeding their 1o. Their offsets in the “11” sample, though
somewhat smaller (for obvious reasons), also indicate a
systematic trend. According to our rule of thumb, these
objects should have been among the last on-train frag-
ments to separate from the remnants of the progenitor's
comet, This conclusion is consistent with our findings in
Sects. 4.1, 4.3, and 4.4.

A fair description of the purpose for determining the
average offsets of individual fragments from the mean
train is to say that they offer a crude indication of which
fragments separated earlier and which later. However, the
offsets do not provide any useful information on the ac-
tual separation times of individual fragments and, conse-
guently, they cannot be used to establish a breakup se-
quence.

Clearly, the discrimination of the fragments into their
on-train and off-train categories is independent of whether
or not A, C, and D are added to the eight standard frag-
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Table 6. Offsets from nuclear train defined by 8 fragments E-W and by 11 fragments A-W.

Pre-conjunction period Post-conjunction period

Pre-conjunction period Post-conjunction period

On-train Off-train
fragment  Offset from Number  Offset from Number | fragment  Offset from Number  Offset from Number
train (arcsec) of data train (arcsec) of data train (arcsec) of data train (arcsec) of data
“8”  +0.03%0.06 4 +0.2940.32 40 B { “8” 4047 £ 0.04 4 +1.464+0.43 60
“11” 0.00+0.03 4 +0.08 +0.25 37 “11” +0.45+0.04 4 +1.27+0.31 37
C { “8”  +0.06+0.07 5 +0.44*0.35 53 F { “g”  +0.08 £0.14 8 +1.67£0.57 71
“11"  +0.06 £ 0.05 4 +0.16 + 0.24 37 “11” 40.15+0.04 4 +1.56 £ 0.43 36
D {“8" +0.02 £ 0.07 4 +0.46 £ 0.40 47 Ge “g” 0 +2.26 +0.58 4
“11"  -0.01£0.05 4 +0.2340.29 37 “11” 0 +2.30+0.54 3
E { 8" -0.02+£0.16 52 +0.28+0.38 Q2 J { “8”  4+0.28+006 4 - 0
“11»  -0.01+0.05 4 -0.01 £0.18 37 “11*  40.27 £ 0.07 4 0
G {“8” -0.02£0.15 52 -0.224+0.25 92 M{ “g”  40.34+0.15 4 0
“11”  -0.01 £0.02 4 -0.36+0.19 37 “11"  +0.34 £ 0.14 4 0
H { “8”  40.11£0.17 52 0.0040.29 92 N { “8”  40.11* 0.09 6 +1.39+0.57 47
“11” 0.00+£0.02 4 -0.08*0.16 37 “11" 4+0.11£0.11 4 +1.68 +0.64 29
K { “g” +0.07 * 0.20 52 -0.254+0.21 92 P, “8” (+0.05) 1 +4.24 +0.99 26
“11” 0.00£ 0.06 4 -0.27+0.13 37 “11” 0 +4.17+1.14 17
L { “8”  —0.214:0.19 52 —0.04+0.38 92 Pz{ “8”  +0.29:+£0.14 11 +3.86 £0.87 61
“11"  —=0.1240.03 4 -0.13+0.16 37 “11" +0.2740.05 4 +3.58 £ 0.81 35
Qa{ “¢”  +0.04+0.16 52 +0.16+0.28 92 Q: “8” (+0.18) 1 +0.88+0.22 6
“11”  +0.06 4 0.04 4 +0.25+0.22 37 “11” 0 +0.83+0.23 4
R { “8"  40.1540.21 23 —~0.08 +0.38 84 T { “8”  40.36+0.10 3 +3.6740.74 35
“11"  +0.02 £0.06 4 -0.0740.21 37 “11”  +0.37* 0.10 3 +3.78+0.80 25
S { “8”  —0.01%0.18 52 +0.1040.27 92 U { “8”  40.1140.11 7 +1.47 £ 0.42 17
“11"  +0.02+0.07 4 +0.20 * 0.13 37 “11” 40.1240.13 4 +1.54+0.45 14
“8”  40.03+0.14 52 -0.06+0.34 92 Vv { “8”  +0.09+0.16 4 +1.3530.47 48
“11” 0.00£0.05 4 -0.07* 0.19 37 “11”  40.10+0.17 4 +1.47+0.41 34

‘Or Qi1, when Q is resolved into two components.

ments to define the train’s orientation. However, since A,
C, and D are offset somewhat to the north of the train,
their incorporation among the fragments determining the
train’s orientation leads to position angles that, on the
average, are systematically smaller by 0°.05 or so. It is
interesting that this effect did not show up at al in the
effective time of disruption; if it did, the A-W set should
have yielded a later time of disruption than did the E-W
set in Table 5. The reason for this is that the solution was
dictated primarily by the choice and temporal distribu-
tion of the 41 data that made up the sample based on the
A-W set (relative to the sample of 144 data based on the
E-W set), an effect that overshadowed that of the dight
difference in the train’s slope.

Having determined the effective time of initia disrup-
tion and the spin-axis orientation at that time, and having
set fairly tight limits on the rotational velocity of the pro-
genitor comet, we are now in a position to constrain the
comet’s original nuclear dimensions more tightly than we
were able to do before. This is accomplished entirely on the
basis of the model worked out in Paper 1. With the known
spin vector, the problem is reduced to finding (i) the incre-
ment in the orbital velocity contributed by rotation at the
time of disruption and (ii) the nuclear diameter, defined

as the separation between the subjovian and antijovian
points on the nuclear surface, such that its effect com-
bined with that in the orbita velocity satisfies the known
dynamical parameters of the nuclear train. Even though
the velocity increment involved is along the orbital veloc-
ity vector, the solution can actualy be carried out in the
RTN coordinate system.

In the RTN system referred to the center oft he comet’s
nucleus and oriented with respect to Jupiter, the unit vec-
tor of the subjovian point on the surface of the nucleus has
the components {-1, O, O}, the unit vector of the antijo-
vian point, {+1, O, O}. Approximating the disruption as a
single event that occurred at a jovicentric true anomaly
uo, we have for the cometocentric latitute of the subjovian
point
Gsub = arcsin [sin Isin(® + o) (16)
where I and & are the rotation parameters introduced in
Sect. 5. The cometocentric latitute of the antijovian point
is—@sub- The radial components of the rotational velocity
at the subjovian and antijovian points are zero. The nor-
mal component of the velocity has no effect on the solution
(as we showed in Paper 1) and the only velocity contribu-
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tion comes from the transverse component. The expression
for this component at the subsolar point is (Appendix B
of Paper 1)

2r
(Vsub)transv = Py Rsub cos l,
T

(17)
where ®sub is the distance of the subsolar point from
the rotation axis at the time of disruption. This veloc-
ity component at the antijovian point has the opposite
sign. With a quasi-spherical approximation the equivalent
equatorial radius is R= Rsub/ cos $sub- If we approximate
the (equatorial) rotation velocity by a separation velocity
Viep derived from the secondary-fragmentation events, we
can write Eqg. (17) in the form

(Vsub)transv = _Vsep (o] d’sub cos |. , (18)

This techniqgue was employed on the assumption that
al the on-train fragments separated at 3.1 hours after per-
ijove, a which time the comet’s jovicentric true anomaly
was Yo = + 116°.6, The calculations were carried out for
three values of the equatorial rotational velocity — 1.0,
1,3, and 1.6 m/s (the limits approximately coinciding with
the derived mean and peak separation velocities Viep de-
rived in Sect. 4.17) — and for Cases A and B (Table 3)
of the spin-axis orientation. The two scenarios yield for
the subjovian point's latitude, respectively, ®sub = -490.2
and -43°.2. Consistent with the practice employed in de-
termining the nuclear-train orientation, each solution was
required to satisfy the times of impact for fragment A
(which was used to approximate the subjovian point at
the time of disruption) and fragment W (which was taken
to approximate the antijovian point), based on their or-
bital elements in Paper 2. From our previous findings in
this section, the separations of fragments A and W from
K were taken to be, respectively, 0.9455 and 1.0545 mean
radii,

Our computations show’ that acceptable solutions re-
sult only with the rotation sense requiring that the sepa-
ration points be located on the antisolar side of the parent
objects (Sect. 5). The opposite rotation sense yields unac-
ceptably large dimensions for the progenitor nucleus, on
the order of several tens of kilometers, The effective diame-
ter and the corresponding rotation period in the accepted
scenario for the six combinations of the spin-axis orien-
tation and rotational velocity are listed in Table 7. Evi-
dently, Case A yields a faster rotator of dightly smaller
dimensions. Even though still involving approximations
(e.g., neglecting the possibility of the disruption consisting
of a series of separate events), the table nonetheless covers
a wide range of plausible solutions, The preferable solu-
tions are those calculated for the higher velocities. These
results fully confirm our earlier findings based on indepen-
dent evidence (Paper 1 and Sect, 6 of this study) that the
nucleus of the progenitor comet was a fast rotator approx-
imately 10 km in diameter.

Table 7. Effective diameter and rotation period for the nucleus
of the progenitor comet.

Rotation velocity ~ Diameter (km) Period (hr)
approximate ion,
Viep (M/s) Case A Case B Case A Case B
1.6 9.3 12.6 5.1 6.9
13 10.7 13.3 7.2 8.9
1.0 12.0 14.1 10.5 12.3

8. Critique of existing hypotheses and a new model
for the comet’s fragmentation. Summary and
conclusions

The prime objectives of this paper are to appraise the ex-
isting hypotheses for the splitting of Shoemaker-Levy 9
and to formulate a new model that is fully consistent with
the results of analysis of the observed phenomena. First
we list our findings: (i) the orientation of the nuclear train
implies that the 12 primary fragments were released not in
a single event but, more probably, in a sequence of discrete
episodes effectively centered on a time some 3.1 hours af-
ter perijove; (ii) the effect in the nuclear-train orientation
is exceedingly nonlinear in that the first episode could
not have taken place much sooner than perhaps a frac-
tion of one hour before this effective time, while the last
episode could possibly occur as late as a few days after-
wards; (iii) discrete episodes of secondary fragmentation,
giving birth to the off-train fragments, took place, a a
gradually decreasing rate, over a period of many months
following the progenitor comet’s initial disruption; (iv) the
separation-velocity vectors of the secondary (and tertiary)
fragments are distributed along a great circle in projection
onto the plane of the sky, pointing to the approximate
conservation of the progenitor comet’s angular momen-
tum; (v) the derived orientation of the spin axis shows
that it was located amost in the jovicentric orbit plane
and approximately aligned with the orbital velocity vec-
tor at perijove; (vi) the rotation sense indicates that the
off-train fragments separated from areas of their parents
that were at the critical times located on the antisolar
side; and (vii) the separation velocities of the secondary
and tertiary fragments are found to have decreased sys
tematically with time, dropping from the peak vaues near
1.6-1.7 m/s for events that occurred within 1-2 months of
perijove to ~0.4 m/s some three-quarters of a year later.

The rapid rotation with a strongly tilted axis rules out
the strengthless aggregate models developed for the nu-
cleus of comet Shoemaker-Levy 9 by Solem (1995) and
by Asphaug and Benz (1996). The authors of these nearly
identical paradigms were aware of their concept’'s sensitiv-
ity to nucleus rotation and discussed the effects. Asphaug
and Benz, who examined scenarios for an assumed rota-
tion period of 9 hours, stated explicitly that in none of
their solutions “did a comet with significant rotation out
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of the plane of the orbit result in uniform clumps compara-
ble to SL9.” Solem modelled configurations with the spin
axis in the orbit plane only for a slowly rotating comet,
with a spin rate assumed to amount to one third the crit-
ical rate for centrifugal breakup or less. The general con-
clusion is that (fast) rotation out of the plane of the orbit
hinders clumping subsequent to breakup and the result is
essentially a single, massive central condensation, in sharp
contradiction to the appearance of Shoemaker—Levy 9.

In Paper 1 we proposed that the observed orienta-
tion of the nuclear train defined the point of dynamical
separation of the primary fragments. In the light of evi-
dence from our comprehensive analysis of the secondary-
fragmentation events, which were positively nontidal in
nature, it is now necessary to revise the model for the
comet’s disruption. The maor questions concern the in-
teraction between rotational and thermal stresses and the
jovian tidal forces as well as their separate roles in the
progenitor comet’'s disintegration.

The fundamental feature of our new model is a deem-
phasized role for the jovian tidal forces. We submit that
due to the jovian tides the nucleus of the progenitor comet
suffered extensive cracks throughout much of its interior
but was not in the process of physical disruption until after
perijove. We argue that the comet then began to split along
the planes of severe tidally-triggered cracks due to its rapid
rotation. This interpretation not only replaces the rela-
tively ambiguous concept of dynamical separation with a
much more straightforward concept of physical splitting
but is also supported by relatively high separation ve-
locities involved. In addition, it shows that the events of
secondary fragmentation can be understood as stochastic
manifestations of the continuing process of disintegration
that began with the sequence of early breakups and then
gradually tapered off.

The fact that separations of the secondary and ter-
tiary fragments are found to have taken place from the
antisolar side of the parent fragments must be explained
by any plausible model. Otherwise it would have to be
postulated that the comet’s continuing disintegration was
spontaneous and the observed strong systematic trend for
the daughter fragments to detach from their parents in
north-easterly directions would remain unexplained.

The evidence from fragment Py is inconclusive. Nom-
inaly, the preferred solution (Table 1), which is based on
the three available HST data, predicts that at the time of
separation of Py from P the Sun was 12° above the local
horizon. However, the other tabulated solution that is also
based on three HST data (but assumes Q to be the parent)
predicts a separation time at which the Sun was 37° below
the horizon. Thus, the exception offered by fragment Py
is apparently not significant because al solutions for this
condensation involve large uncertainties.

At first glance, separations of the secondary and ter-
tiary fragments from the antisolar side of the parent ob-
jects are counterintuitive. It is fair to say that this evidence

suggests that there is no direct role for solar radiation in
the mechanism. However, there may be an indirect effect
and we submit that in detaching a fragment the stresses
due to rapid rotation could be assisted by thermal stresses
near the surface, The presumed high porosity implies a
low therma inertia, which alows temperature gradients
to develop in the surface layer of the parent fragment in
locations that rotate into and out of sunlight (e.g., Kiihrt
1984). Strong temperature gradients are believed to de-
velop only in a very thin layer (e.g., Brin and Mendis
1979, Fanale and Salvail 1984, Rickman and Ferndndez
1986), because their buildup is impeded by vapor diffu-
sion of sublimating volatile materials from below the inert
mantle. However, this impediment would disappear in the
absence of activity. Although the role of therma stresses
in a highly porous medium has never been investigated
and their contribution to the process of secondary frag-
mentation in comet Shoemaker—Levy 9 remains specula
tive, we remark that with the values for Young's modulus,
Poisson’s ratio, and the coefficient of linear expansion that
McCrosky and Ceplecha (1970) recommended for meteors,
the dominant component of thermal stresses amounts to
~3 bars per degree of a temperature difference.

Closer scrutiny suggests that separations of small
masses from the antisolar side of a cometary nucleus are
not entirely unexpected. From temperature profiles in a
consolidated dust mantle on the surface of a nucleus mod-
elled by Fanale and Salvail (1984), Sekanina and Larson
(1986) calculated thermal stresses at several points during
the diurnal cycle, establishing both their nature (tension
vs. compression, radial vs. tangential) and magnitude. It
was found that tangential stresses, while strongly depth
dependent, exceeded radial stresses by orders of magni-
tude. For our present considerations the most interesting
finding is the difference between the sunlit and dark sides.
On the sunlit side the prevaent thermal stresses were al-
ways compressive, working against rotational tension. By
contrast, the tangential stresses on the antisolar side, al-
though smaller in magnitude, were predominantly tensile,
enhancing the effect from fast rotation. One would there-
fore be mistaken to assume that thermal stresses disappear
when an area rotates out of sunlight.

Taking this information into account, it is plausible
to argue that even a slight temperature gradient at the
nuclear surface could generate thermal stresses that as-
sist rotational forces in triggering, from time to time, the
separation of a relatively small piece from the parent.

In July 1994 the individual fragments arrived at
Jupiter in very different conditions. For days before im-
pact the dust coma of each condensation became subjected
to jovian-gravity driven progressive stretching, confirming
that it consisted of a loose cloud of particulate. However,
no stretching can be detected in the innermost, bright-
est part of the published images of several condensations,
which retained the appearance of an unresolved dot (cf.
the last HST frame of Qi and Q2 in Fig. 2 of Weaver et
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al. 1995, taken less than 11 hours before the crash of Qz)-
Even though the digita charts of these images have never
been properly analyzed, there is little doubt that large cen-
tral objects still existed in both Q; and Q2 at those late
times. From unobstructed observations of the bolides and
their explosions with the Galileo instruments (Chapman
et al. 1995) and from detections of the expanding plumes
of debris by the HST camera (Hammel ef al. 1995), one
can conclude that at least nine of the 12 on-train conden-
sations contained massive central fragments upon impact.
For the remaining three condensations, C, D, and S, there
a least is information on their second precursors and im-
pact sites (Paper 2 and Nicholson 1996).

Significantly, very little is known in comparison about
the off-train condensations. Among the secondary frag-
ments, the best data are for N from the Galileo imaging
(Chapman et al. 1995) and from the impact site (Hammel
et al. 1995), and for V from apparent observations of the
first precursor (Nicholson 1996). In addition, a precursor
was detected for Q,(Herbstet al. 1995), while impact
sites and main events were reported for B and Q,, a pos
sible main event aso for M. No information whatsoever is
available on the tertiary fragments.

It seems that condensations N, Q,, and V “landed”
fairly large, probably subkilometer-sized fragments deep
in the jovian atmosphere, while the central objects in
the remaining condensations must have broken up tidaly
and/or due to atmospheric drag into still smaller pieces
that completely burnt up high in the atmosphere with no
detectable plumes. The comment by Beebe (1996) that the
site of B was apparently located higher in the atmosphere
than the other dark features is consistent with this sce-
nario, In any case, the jovian tides, which began to affect
the fragments before their atmospheric entry, must have
played an important (and usualy ignored) role in the final
moments of the disintegration process.

It is not necessarily true that the entire mass of any off-
train fragment ends up in small particulate. There may
have survived perhaps as large as 10-meter-sized objects
near the cores of condensations B, F, P2, T, and others un-
til their impacts. Yet, the motions of the centroids of con-
densations F, Py, and P2 must have been determined by
the spatial distribution of centimeter-sized debris, there-
fore showing effects of solar radiation pressure. Although
no such effects were detected in the motions of J, M, T,
and U, this very well may be due to a small number of ac-
curate measurements and the resulting inferior solutions
that are available for these fragments.

Finaly, a few comments on the nuclear fragmentation
of Shoemaker-Levy 9 in the context of the problem of
split comets in general and the so-called dissipating comets
(Sekanina 1984), which also are fragments of comets that
split long ago. The differences between the dynamical be-
havior of nontidally split comets and comets whose split-
ting involves tidal forces were recently addressed in some
detail by Sekanina (1997). A new issue now raised by

Shoemaker-Levy 9 is the nature of the deceleration in the
equations of motion, For nontidally split comets, the de-
celeration of the secondary nuclei was interpreted as a dif-
ferential nongravitational effect from directed outgassing.
In this paper we show that the relative motions of the
majority of fragments of Shoemaker-Levy 9 are affected
by no detectable deceleration and that in the three ex-
ceptions the effect is apparently due to solar radiation
pressure, so that no outgassing is required to explain this
evidence. The question to address is whether the non-
gravitational effects detected in the relative motions of
fragments of nontidally split comets could likewise rep-
resent signatures of solar radiation pressure rather than
effects of outgassing. The answer to this question must be
negative, because unlike in the three cases of fragments
of Shoemaker-Levy 9, secondary nuclei of nontidally split
comets are observed to depart from the main mass essen-
tiadly aong the projected antisolar direction. This repre-
sents a fundamental difference between the two types of
split comets, even though the events of secondary fragmen-
tation in Shoemaker-Levy 9 were also nontidal in nature.
On the other hand, the basic physical atéributes of frag-
ments in their advanced phase of disintegration are aways
essentially the same for either kind of split comets as well
as for the dissipating comets. Their demise is described by
the loss of a central condensation, by an apparent expan-
sion and elongation, and eventualy by precipitous fading.
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