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Abstract. Discovered in August of 1994, periodic comesouthernmost and usually the brightest fragment as component
Machholz 2 consisted of five condensations, A—E, of which and to the four fainter objects as components B, C, D, and E
D later became double. They were lined up along their commiumthe order of their increasing distance from A northward. On
heliocentric orbit (with A being the leading and brightest conBept. 5.0 UT, for example, fragments B-E were, respectively,
ponent) and connected by a trail of material, suggesting that th&, 31.9, 32.5, and 37.5 arcmin from A, all aligned in a posi-
comet’s nuclear fragmentation was accompanied by a copidish angle of~23°. The five comets thus formed two clusters
release of large dust particles. The earliest breakup is foundfmbjects separated by a large gap: a southern group of two (A
have occurred in late 198%,600 days before the comet’'s 198%nd B) and a northern group of three (C, D, and E).

perihelion, giving birth to fragment B and the grand precursor The space between the condensations, including the gap,
of A. The precursors of A and D and fragments A and C appeaas occupied by a trail of material. This trail was reported by
to have originated, respectively5 days prior to and right at Jager (Lithen 1994b) to have been 40 arcmin long on Sept.
perihelion. The last breakup episode during that same returrbtextending northward from component A and connecting all
the Sun was the separation of E, probably from the precursoffioe fragments. It was also detected by Nakamura (1994a), who
D, ~600 days after perihelion. The divisionof Dintg Bnd D, remarked on a faint bridge of dust extending from A to E on
is the only event analyzed in this paper that occurred one re@ept. 13.8 UT. The trail may have displayed a local brighten-
lution later, in 1994. The circumstances and implications of thisg around component D, near which it was noticed by Pravec
fragmentation sequence are examined in detail and predicti¢h894b, c) on short exposures taken on Oct. 5.1 UT to extend

are presented for 1999/2000. for 2 arcmin in a position angle of 19@nd for 5 arcmin in 19,

The line connecting the condensations was swinging in the sky
Key words. comets: general — comets: individual: like a very slow pendulum, first from the northwest-southeast
P/Machholz-2 to the northeast-southwest (until Sept. 12) and then back again,

crossing the meridian on Aug. 21 and Oct. 13.

During this period of time, condensation D was observed to
experience major changes in its appearance. It was described by
Hale (19944, b) as faint and vague on Sept. 9.5 UT, but 0.7 mag
brighter and more condensed on Sept. 16.5 UT. Comparing sets
of CCD images from Sept. 10.1 and 23.1, Pravec (1994c) found
Only 17 days after D. E. Machholz’s discovery of his secoritiat the component brightened fully by3 mag during the two
periodic comet (with an orbital period of 5.2 years) on Augveeks and that it developed a large coma and tail. This apparent
13, 1994, a report was issued on Mgér's detection of anotherflare-up was also confirmed by other observers. The fragment
nearby comet, of the same apparent motion &&t6 the north- brightened by 2.5 mag between Sept. 11.5 and 24.5 and by an-
east of the former (lithen 1994a). Prediscovery images of thigther 0.2 mag one day later, according to Morris (1994); by
second object were later found cig@r's photographs exposedL.6 mag between Sept. 13.8 and Oct. 2.8, according to Naka-
on Aug. 19 (liithen 1994b). On Sept. 2-3, independent detgura (1994b); and by 2.4 mag between Sept. 6.1 and 28.1, ac-
tions of another companion were reported by Pravec (1994qyding to Bouma (1995). The most significant development
and by Johnson (1994). Finally, Pravec (1994a) discovered twas reported by Pravec (1994b, c), who on the CCD images
more diffuse objects on Sept. 4, one of which was also found bptained on Oct. 5.1 noticed that D was double, its components
Johnson (1994) and by others. | use for these condensationdhdeastern) and Pbeing of similar brightness and 7 arcsec
nomenclature introduced by Green (1994), who referred to thgart in a position angle of 292that is, essentially along the

tail. Pravec added that D was elongated to about the same extent
and in the same direction on Sept. 2.1 and 4.1 and, to a lesser
Send offprint requests t@denek Sekanina degree, on Aug. 30.1 UT. He further remarked (Pravec 1995)

1. Description of the comet’s appearance
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that D was again elongated on Nov. 2.18 UT, with the sepa;la-
tion between its components estimated at 9 arcsec in a positjon ~ PERIODIC COMET MACHHOLZ 2 (P/1994 P1)
angle of 280.

Component A was reported to display significant morpho
ogy between discovery and early September. MiKu994)
commented on the presence of a prominent but short-lived|3-
arcmin-long and slightly curved jet as early as Aug. 16.0 UT.
On Aug. 23.1, Pravec (1994c) found the comet ted2e-3 mag
brighter than 6—7 days earlier; on Aug. 28.4, Bortle (1994) rq
ported that the comet was much brighter than expected and sug-
gested that an outburst was in progress; and on SepCérfis
(1995) noticed a starlike nucleus, of mag 8. Up to three distinct
jets were described independently by Pravec (1995) and by \is-
come (1995) on images taken on Sept. 5.1 and 5.4, respectivgly.
Activity at last began to subside on the subsequent days.
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2. Diagnostic char acteristics of the observations

Fig. 1 shows a sketch of the condensations. The relative sizes
and distances are reproduced only approximately.

Dynamically, the alignment of components A, B, C, D (latef
D,), and E and the correspondence between their connect|ng
line and the trail of material are the most significant pieces pf
information that the observations offer at first glance. The d
rection of this line is foundnvariably to coincide with that of
the comet’s heliocentric orbit, as projected onto the plane pf
the sky. Component A was the leading fragment, with the other

COMET'S
condensations trailing behind. The extensively tested model for TOSUN ORBITAL
split comets (Sekanina 1977, 1978, 1982), which is applied fo MOTION

P/Machholz 2 in the following sections, affirms that the rate at
which a companion is seen to recede from the principal com-
ponent after their breakup is determined primarily (though not

entirely) by the slight difference between the contributions frofrig- 1. Schematic representation of P/Machholz 2 as it appeared in

directed outgassing to the orbital momenta of the two fragmerft&ly October 1994, when the distance between components A and
The net effect is modelled as a continuous radial nongravi was~9 arcmin. All six condensations were apparently observe_d_at

tional deceleration of the less massive component relative to e ut this time. Although component E was last measured for position

. Th i f ¢ law th on Sept. 10, it allegedly was examined for brightness as late as Oct.
more massive one. the conservation ot momentum law thén g€+, duplicity of component D was first noticed on Oct. 5 and D

quires that, after breakup, the decelerated companion fall eyg& measured for position only until Oct. 11. The trail of material was

farther behind the principal component in its radial motion angported on several dates between early September and early October.
that it gradually turn away from the prolonged radius vector

toward the orbit in its angular motion. Hence, a companion ob-

servedshortlyafter separation is expected to be located near thees, but that it oversimplifies the problem and is not correctin
principal fragment along the prolonged radius vector, whileits entirety. Nevertheless, it deserves to be mentioned because
companion observeeery longafter separation should be situ-t provides some useful insight into the process of this comet's
ated far from the more massive component and behind it in thegressive disintegration.

orbit. The configuration of the condensations of P/Machholz 2 The trail of material connecting the individual condensa-
clearly indicates that Psatisfies this rule-of-thumb conditiontions apparently represents a continuous or quasi-continuous
for a companion that recently detached from D, whereas C, f&eam of dust particles, released long before the observations.
and E satisfy the condition for companions that broke away froftis ejection process is likely to have been associated with the
a common parent with A or B very long before the observatiordiscrete breakup episodes, but it may have continued in the pe-
Component B also appears to satisfy this same condition withds of time between the individual events as well. The force
respect to fragment A, but the proximity of condensations grimarily responsible for the distribution of dust along the trail
and B implies that, for some reason, they were subjected toialproposed to have been solar radiation pressure. From the lim-
mostidentical nongravitational forces. The following modellinged breadth of the feature, it can be inferred that the particles
of the fragmentation hierarchy for P/Machholz 2 suggests thatolved had been ejected from one or more nuclear fragments at
this first-approximation scenario has a number of attractive fdaw velocities and then subjected to very low radiation pressure
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accelerations, as will become apparent from further analyii® separation velocity are defined by the comet’s heliocentric
(Sect. 7). Low values of radiation pressure are generally tyirbit plane and the orientation relative to the Sun at the time of
cal for massive particulate ejecta, whose size depends on tisgiitting: the radial component., 4i.1, positive in the direction
bulk density. Because of the unknown temporal profile of thiavay from the Sun; the transverse componiént,s.,, positive
process, however, it is not straightforward to derive a specificthe direction of the comet’s orbital motion; and the normal
model for the location-dependent size and mass distributionscofnponent/,,,.,.1, completing the right-handed RTN coordi-
the material along the trail. Nevertheless, there is no doubt thate system. The gravitational attraction between the fragments
this phenomenon is of the same nature as the dust trails disdewneglected. The influence of the planets is also ignored because
ered in the far infrared by the IRAS satellite along the orbitf the low sensitivity of the solutions to minor variations in the
of several short-period comets (e.g., Sykes and Walker 199&)met’s orbit.
Considering that the reports of the trail of P/Machholz 2 are The model parameters are determined by applying a least-
based on the observations with instruments as small as 20 sgoares, iterative, differential-correction procedure. An impor-
in aperture and with fairly short exposures in the optical regidant feature of this optimization technique is an option to solve
(thus disadvantaged, in comparison with the far infrared regiofig; any combination of fewer than the five parameters, so that
because of a low projected area-to-mass ratio of the ejecta), 3ialifferent versions of the procedure are available. This option
detections represent a considerable accomplishment and p@iimtdispensable both in the early phases of the iterative process,
to extraordinarily large amounts of particulate material in thghen the solution is far from being optimized, and in the cases
trail. While the comet’s relatively small heliocentric and geoaf convergence difficulties. The convergence is always checked
centric distances;0.8 AU and 0.5-0.8 AU, respectively, wereby comparing the residuals “observation minus model” from
favorable to the detections, Earth’'s moderately large angular dise normal equations with those from the orbit.
tances from the comet’s orbital plane,°26 early September Experience with other split comets shows that companions
and 12 in early October, were certainly of no assistance.  always survive for only a limited time. As a rule, the appear-
Because of the implied edge-on projection, the optical dephce of a companion undergoes more rapid changes than that
of the dust trail should have reached a maximum at the timeaifthe main component, and its terminal fading often sets in
Earth’s transit across the comet’s orbital plane. Unfortunatehather suddenly. Its nuclear condensation disappears first, the
the transit occurred as late as on Nov. 28.6 UT, at which tintema expands gradually and in some instances becomes pro-
P/Machholz 2 already was 1.21 AU from Earth and 1.34 Agressively elongated, and eventually the entire object vanishes
fromthe Sun. As far as | am aware, the only images of the confeetfore the eyes of the observers. In most cases this whole pro-
taken during the critical span of a few days around the time ofss has been defined sufficiently well that it is meaningful to
transit appear to be those exposed at thef€od Observatory characterize a companion’s longevity. Since companions are
on Dec. 1. According to Pravec (1998, personal communidaiown to survive generally longer the farther they are from the
tion), they were taken under rather unfavorable conditions a8dn, an appropriate characteristic introduced to measure their
theirinspection shows no evidence for any narrow trail, althouggngevity quantitatively isenduranceF, defined as an inter-
a tail is present. val of time from breakup to the companion’s final observation,
weighted by the inverse-square power law of heliocentric dis-
tance. Thus, the endurance essentially measures the time of the
object’s exposure to solar radiation (Sekanina 1977, 1982) and

The objectives of this investigation are to determine, to the extéheXpressed inquivalentlays, thatis, in days for a hypothetical
possible, the sequence of breakup events that led to the obsefRgict located at 1 AU from the Sun. The endurance was shown
distribution of the fragments, to establish the conditions at eaéhcorrelate with the nongravitational deceleration (Sekanina
such event and the dynamical history of the observed comg&82), even though the scatter is fairly large and the relation-
nents, and thus to describe the hierarchy of the parent com&h#’s predictive capabilities are limited. Selection effects may
fragmentation and the subsequent evolution of the system. be involved, as the final-sighting dates for some companions are
Application of the standard model for split comets (Sekaniretermined primarily by unfavorable observational conditions
1978, 1982) allows the user to employ a set of offsets in right 48roximity to the Sun in the sky, excessive faintness because of
cension and declination between any two components to derf@Agrge geocentric distance, etc.) rather than by intrinsic dissipa-
the model parameters and examine the degree of corresgifift. Hence, the derived values of the endurance represent only
dence that the model provides. The model has five parameté¥ter bounds to the actual longevity for atleast some fragments.
(i) the time of splittingt,p;:; (ii) the three components of a In the case of P/Machholz 2, with more than two compo-
velocity V;ota1 With which the companion (the less massive dtents involved, the essential part of the solution is to establish
the secondarycomponent) separates from the principal (or thé&e identity of each pair of fragments that share a common par-
primary) fragment (that is assumed to acquire no measuralglet. This is a difficult task that usually requires that a large
impulse) at time,,i;¢; and (iii) the continuous differential non-number of the possible combinations of the primary and sec-
gravitational decelerationof the companion relative to the pri-ondary fragments be examined and tested. As with any other
mary, directed radially away from the Sun and varying inversefiata-processing technique, the result depends, to some extent,
as the square of heliocentric distance. The three component8fthe data sample used. In orbit-determination problems the

3. The objectives, model, approach and data
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makeup of the sample is dictated by the choice of the rejdoidings concerning the hierarchy of this comet’s progressive
tion cutoff for positional residuals left by the offsets. Howevefragmentation are presented in Sect. 5.
the cutoff-dependent scatter in the resulting parameters will be A major issue is the relationship between the two clusters
shown to be generally much smaller than the uncertaintiesahcondensations, thgA, B} group on the one hand and the,
their values. D, E} group on the other hand. Since an orbital solution’s qual-
The data sample consists of 279 astrometric positionsityf depends on the length of the common observed arc of the
condensations A-E, reported by 11 groups of observers gminary and secondary fragments, and since the longest obser-
published mostly in Nos. 23884—-25352 of thénor Planet vation spans are available for condensations A and D, it appears
Circular in 1994-95. Of the 279 positions, 98 refer to conderthat the first case to examine is a possible relationship between
sation A (covering the period from Aug. 30 to Dec. 8), 43 to Bhese two masses. Unfortunately, there is a complication caused
(Aug. 30—Nov. 10), 22 to C (Aug. 30—Oct. 11), 91 to the optdsy the elongation of condensation D, presumably associated
center of D (Aug. 30-Dec. 8), 12 to,[¥Oct. 5-Nov. 2), six to with its splitting into D, and D. This problem needs to be clar-
D, (Oct. 5-11), and seven to E (Aug. 30—Sept. 10). Only pdied before an investigation into the history of component D is
sitions communicated by the observers who measured at leagiated.
two condensations on the same night have been collected. Three
observers account for more than two thirds of the total: Pravg
(1994d, 1998), with his group at the Chegbv Observatory, con-
tributed 138 positions; Nakamura (1994c, 1995), observingE¥en though the duplicity of fragment D was reported only by
Kuma Kogen, 34 positions; and Scotti (1994, 1995), atKitt PedRravec (1994b, c), the implied elongation of this condensation
20 positions, which extended the observed arc of componentiDist have influenced its astrometric positions on images taken
by more than a month. The astrometry for,D,, and E has by all observersin the critical period of time. In aresponse to my
been reported only by Pravec. inquiry, Pravec (1998, personal communication) has pointed out
Because of the enormous projected separation betweenttia the astrometric positions of condensation D published by
two groups of condensations (A-B vs. C—E), especially duritigm in 1994 referred to the optocenter of Bnd D,, which was
the first weeks after their discovery, they could not all be imagéatated somewhere between the two components. The optocen-
on a single exposure, except with wide-field cameras. Conser's location depended on their brightness ratio (which varied
quently, the offsets of a secondary fragment from the primargpidly and in an irregular fashion with time) and on the distri-
which are required as input to the model, were not available faution of light in their common coma. Dynamically, therefore,
all combinations of the condensations directly from the pukhe optocenter’s positions were essentially meaningless. If not
lished data. The necessary offsets in such instances had tdilkered out, these effects would introduce systematic errors into
derived by converting the position for the primary from its listethe positions of fragment D, and orbital solutions relative to any
time to the time of the position for the secondary on the samther component would significantly be degraded (especially in
night. The developed procedure employed an ephemeris caight ascension), if based on such a set of observations.
puter code that used the orbital elements for the presumed pri- The recent availability of separate astrometric positions for
mary components, which were published by Marsden (1994, and D, on three dates between Oct. 5 and 11, 1994 and for
This approach was applied nearly universally to extract the o4 also on Oct. 18 and Nov. 2 (Pravec 1998) has considerably
sets in the course of September and during much of Octolfacilitated a solution to this problem. The motion of Bela-
Several positions of the primary at slightly different times wettive to D; could then be modelled, and the fragment that has
often available, in which case the individual corrected offsets ftire common parent with D could be searched for with greater
the secondary could be averaged. The involved time differencesfidence (Sect. 4.2), because the poorly defined positions for
never exceeded 0.06 day. When offsets could be calculated fiorhave been replaced with the clearly defined positions for D
the positions for the primary and secondary fragments on the The total number of offset pairs (in right ascension and dec-
same exposure or on two exposures that were extremely cltisation) of D, relative to O from Pravec’s measured images
to one another in time, they were preferred to the offsets derivisdsix. This low number is a result of unmeasurably small sep-
by averaging. aration distances between the two components on the images
exposed before Oct. 5 and the excessively faint and diffuse ap-
o ) ) pearance of Pon the images taken after Oct. 11. In fact,\ias
4. Search for the optimized orbital solutions always more diffuse than{but on Oct. 5 it was about as bright

The following description of the orbital calculations faithfullyas Di (Pravec 1994c). Under these circumstances (scarce data,
reproduces the actual chronology of this investigation, with tigéfficult measurements, short arc), it would be unrealistic to ap-
merits of the various birth scenarios evaluated separately Rl the full five-parameter model. Instead, | opted (Sect. 3) to
each secondary fragment. This approach is deemed prefer&gl¥e first for just the two basic parameters: the time of splitting
to that based on the chronology of the fragmentation sequerid the deceleration.

both for the benefit of the reader and for an illustration of the The parameters of this solution are listed in Table 1 as So-
flow of this presentation. The results for the individual confution . Solving for three parameters, with the normal compo-
ponents are summarized in the subsections below, while f#nt of the separation velocity added, proved meaningless, as

q. Component P
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Table 1. Solutions for component Pseparating from D.
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Fig. 2. Temporal brightness variations between components A and D
in September—October 1994. A positive difference indicates that D was
fainter and vice versa. The 31 magnitude estimates by eight experienced
the value ofV,:ma1 Came out to be essentially indeterminate/jsual observers are depicted by circles, the 10 CCD measurements by
—0.11 4+ 0.10 m/s, and the fit was not improved. Further expethree observers are shown as squares. The CCD observations with a
imentation confirmed that any attempt to solve for more thé_/nfilter are used with no correction to the visual scale, those With no
two parameters would indeed be futile. filter require a correction of0.3 mag. An outburst of component D is
One of the positions of Pon Oct. 7 left a residual of 1.7 found to have commenced most probably on Sept. 12.
arcsec in right ascension, while all the others could be fitted
to within ~1 arcsec. Considering the difficulties with bisecting
D, (Pravec 1998, personal communication), this residual is nist exactly 7 days before perihelion of D) and which are based
anomalously large. Yet, an alternative solution was searcheddor, respectively, the six and the five offset pairs, are listed in
by eliminating this position from the set. The result is listed d&able 1 as Solutions Il and IV. The time interval covered by all
Solution Il'in Table 1, which shows that the differences betwedour solutions is Oct. 5-11.
the two solutions are much smaller than the errors involved.  Since these are one-parameter solutions, the formal error in
Either solution suggests that D broke up most probably in, thre deceleration is reduced substantially and the mean resid-
shortly before, mid-September 1994, thatis, afew weeks aftenit slightly as compared with, respectively, Solutions | and Il.
discovery. Since this component was observed to brighten dvat, there is a common envelope to the four solutions listed in
matically in the second half of September, itis distinctly possiblable 1, which, together with the information on the outburst,
that the flare-up was a signature of the disruption event. To ellows one to make two important conclusions: (i) the images of
plore this possibility, the light curve of D between the beginning on Aug. 30, Sept. 2, and Sept. 4, reported by Pravec (1994b,
of September and the end of October was investigated, using:3Irefer to times that were too early for the observed elongation
visual-brightness estimates and 10 CCD magnitudes. To mio-be related to B, and (ii) at the time of Pravec’s (1995) ob-
imize the degree of scatter among the magnitude scales of skevation on Nov. 2, Bshould have been about 22 arcsec away
visual observers, the quantity plotted in Fig. 2 is the magnitufflem D, in a position angle of 292 so that the companion that
difference between components D and A. Since the brightn&ssvec detected marginally-a® arcsec from Rin 280° cannot
of A was not subjected to any major, rapid variations during the D,. Since the elongations at these times are not in doubt, the
two-month period, the plotted magnitude differences proviamly plausible conclusion is that between late August and early
a good approximation to the temporal profile of the flare-ugovember 1994 Pravec witnessed manifestations of three dif-
of D. There is a high degree of correlation between the visufatent breakup events of component D. It is estimated that the
magnitudes and the CCD magnitudes witli éilter. The CCD first episode occurred approximately in mid-August, and the
magnitudes with no filter require a correction-e®.3 mag, in- third some time in the second half of October. It is possible that
dicating perhaps a color effect. The best fit suggests the outbtinst dramatic brightening of D by 2.5 mag in 9 days, apparent
to have commenced most probably on Sept. 12, or 7 days befiwoen a comparison of its images on Aug. 19 and 28tfien
perihelion. It could not have started before Sept. 11.4 UT, ahfi94a, b), was due to an outburst accompanying the first pre-
it appears to have already been in progress on Sept. 13.8 sllined breakup. There are no brightness data available on D
Thus, itindeed is highly likely that the outburst and the breakdgetween Oct. 16 and 31, so no flare-up potentially associated
were triggered by the same event, whose onset (and, by imith the third inferred event can be documented.
plication, the time of splitting) is determined with an error of The endurance of companion,Ds estimated at about
only about+1 day. The orbital solutions, in which the time 065 equivalent days. This implies the expected observability of
splitting was forced to have taken place on Sept. 12.2 UT (tHa¢ until about Oct. 24, at which time its separation distance
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from D, should have beern15 arcsec. The estimated longevityrable 2. Solutions for component D as companion to A or B.
of Dy is consistent with Pravec’s (1998, personal communica-

tion) finding that on his images of Oct. 18 it was most probably Component D as companion to
still present but no longer measurable because of its projection
onto the background of densely distributed field stars. The effarameter component A component B
durances of the other two inferred minor fragments are expected Solution | Solution II Solution Iil
to be much shorter still, probably just several days.
Time tgpiis
(days from
4.2. Component D (later D perihelion
The configuration of components,;and D, was distinctive " 19_89) —64+08 53407 -89+19
both in orientation and in that their projected separation distané@'oc'tytc_’f
was increasing with time. By contrast, the overall extent of the(sri?:)r.a on
comet’s fragmented appearance was getting smaller. Onereas 1 1404021 134L014  1.29% 060
for the shrinking was the increasing distance from Earth ever “°** ' ' ' ' ' '
9 9 Viadion +1.14+0.05 +1.25:0.05 —0.56= 0.10

since early August, before discovery. However, this fact doe 0774037 —045+ 038 —1 144 068
. transv — Y. . —VU. . —d. .
not account for the whole effect. For example, the pl’OjeCtedV o 0234009 —0.16+0.09 +0.23- 0.17

distance between components A and D decreased from 39.7 .
Deceleration

arcmin on Aug. 31.0 UT to 32.5 arcmin on Sept. 5.0, that is, (10-° solar
by a factor of 1.22. On the other hand, the geocentric distancgtiraction) 5.7+ 1.6 4.3+ 1.6 6.1+ 2.9
increased by only a factor of 1.11. The remaining effect wagaan resid-
due to the gradual increase in the foreshortening, that is, in th@al (arcsec) 1+1.22 +1.03 +1.52
degree of alignment between the Earth-comet configuration ang,mper of
the separation vector of the fragments. In space the distancesfsets used 50 43 35
between any two fragments were increasing at all times. Dates 1994

| first considered component D to have a common parentovered 8/30-12/8 8/30-12/8  8/30-11/10

with fragment A. No satisfactory orbital solution was obtained
from the offsets of the optocenter of D, obviously because of

the condensation’s elongation. All the pOSitionS reported fﬁ{ost'y to Over|ap' and the differences between them do not ap-
the dates of Sept. 27 through Nov. 9 left prominent, systemagigar to be significant.

negative residuals of several arcsec in right ascension and lessassuming component D to have, instead, a common parent
prominent, but still systematic, positive residuals in declinatioith B led to solutions that were distinctly inferior. The match
Theimplied effect, toward the west-northwest fromBtrongly - to the data was especially poor at both ends of the orbital arc of

suggested that it was due tg [n late September and duringthe data sample. The best achievable result is listed in Table 2
most of October and a product of the third event (Sect. 4.1) 48 Solution III.

late October and early November. Similar but somewhat smaller |t s thus fair to conclude that fragment D had a common

systematic residuals were also noticed for the optocenter’s gffrent with A and that the breakup occurred only several days

sets inthe span of Sept. 1-6, apparently related to the first evgatore thepreviousperihelion passage, in mid-1989. The ex-
Next, allthe optocenter’s offsets, relative to A, between Sepkllent fit provided by the positions of,Ondicates that frag-

27 and Nov. 9 were rejected. Instead, a solution was searchedhfintation of D subsequent to this episode had no measurable

by linking the offsets based on the newly measured positionsgfect on the motion of fragment Dand that the mass of D

D, (Pravec 1998) with the optocenter’s offsets from the timegnd the other two probable fragments causing the elongation

when the central condensation of component D displayed eitly¢b in 1994) was considerably smaller than the massof D

no elongation at all or only a very slight one. Obviousdy, To illustrate the quality of match by the three solutions in

the positions after Nov. 9 must have referred tp. Bor an Taple 2 and the degree of refinement that was introduced by

assumed rejection cutoff &f2.5 arcsec, most of the offsets fromne measurements of,DTable 3 lists the residuals— ¢, or

early September could be retained and the 50 employed offs@§served minus computed”, left by the positions of Bnd

paiI’S y|e|d6d afairly SatiSfaCtory SOIUtion, which is identified |ﬂqe optocenter of D, as measured by Pravec on his exposures

Table 2 as Solution |. between Oct. 5 and Nov. 2. For comparison, the offsets.of D
When the rejection cutoff was tightened #2.0 arcsec, from D, in, respectively, right ascension and declination pre-

seven additional offset pairs of the optocenter had to be elinicted from Solution IV in Table 1 are5.4 and +2.5 arcsec on

nated from the sample, most of them in the span of Sept. 2eft. 5,—6.2 and +2.9 arcsec on Oct. 78.0 and +3.6 arcsec

The remaining 43 offset pairs, including all those involving D gn Oct. 11,—11.5 and +5.0 arcsec on Oct. 18, an80.3 and

served to derive Solution II, which is also displayed in Table 28 3 arcsec on Nov. 2.

This setrepresents animprovement over Solution | and is clearly Besides the systematic trends in the residuals left by the

preferable. Nevertheless, the parameters of the two sets are $RRMtions of the optocenter of D, one also notices the fairly



Table 3. Residuals left by Solutions I-ll in the positions of @nd the optocenter of D, as measured by Pravec.
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Residuab—c (arcsec)

Date of Solution | (companion to A) Solution Il (companion to A) Solution Il (companion to B)
observation
1994 (UT) component D  optocenter of D component;D optocenter of D component;D optocenter of D
R.A. Dec. R.A. Dec. R.A. Dec. R.A. Dec. R.A. Dec. R.A. Dec.
Oct. 5.142 — — —42 +34 — — —-4.0 +3.3 — — —-3.2 +1.4
5.145 —-0.6 +2.0 — — —-04 +1.9 — — +0.2 +0.1 — —
5.149 -0.6 +1.7 — — —-04 +16 — — +0.2 -0.2 — —
5.154 -06 +1.8 — — -0.4 +17 — — +0.2 -0.1 — —
7.139 -0.2 +0.8 —-49 +1.6 0.0 +0.7 —-47 +15 +4.2 —-1.7 -0.1 -1.8
7.147 -1.8 +0.6 -56 +1.9 —-16 +0.5 -54 +1.9 +1.9 -2.1 -0.7 -1.3
11.145 00 +0.1 -31 +04 +0.3 00 -29 +03 -0.8 +21 -4.0 +2.3
11.150 +0.7 -05 -25 -03 +1.0 -0.6 —-22 -05 +0.8 +1.2 -24 +1.3
11.166 +0.8 -0.6 —22 +0.2 +1.1 -0.8 -1.9 0.0 +1.0 +04 -1.9 +1.3
18.156 +0.1 00 -51 +07 +0.4 -0.2 —-4.8 +15 +3.1 -3.0 21 -14
18.159 — — —-6.4 +1.3 — — —6.1 +1.1 — — —-34 -1.8
18.183 — — =105 +14 — — =103 +1.2 — — -7.2 -15
Nov. 2.155 00 -14 -39 +10 +04 -1.8 —-35 +0.6 —-24 +0.6 —6.3 +3.0
2.165 — — -38 -07 — — -34 -1.0 — — -6.2 +1.9
2.168 -0.4 +0.2 — — +0.1 -0.1 — — —27 +2.8 — —
2.171 -18 -13 — — -14 -17 — — —4.2 +1.3 — —
2.189 — — —-3.8 +1.0 — — -34 +0.7 — — -4.7 +2.0

high degree of scatter, from position to position, over the spassumption of a common parent for B and C yielded only a
of less than one hour on the night of Oct. 18. This kind afightly inferior fit, but implied an improbably high separation
phenomenon may be due to major short-term variations in thelocity, in excess of 4 m/s. At a rejection cutoff8 arcsec,
brightness ratio between2and D,. Perhaps the most dramaticdhese solutions could accommodate 13 of the total of 15 offset
illustration of this suspected effect is provided by the positioqeirs available; at-2 arcsec, only 10. The solutions based on
of component D reported by Meyer et al. (1994) for Oct. 16. Ghe premise that C and D had a common parent offered the least
the average, the two positions yielded residuals d?.1 arcsec satisfactory results, yielding an acceleration, rather than a de-
inrightascension and +6.2 arcsec in declination. The separatieteration, for C relative to D. Of the total of 22 offset pairs, the
of D, from Dy in the two coordinates predicted for this time isejection cutoffs of+3 and+2 arcsec reduced the number of
—10.5 and +4.6 arcsec. This coincidence suggests with a hitdta that could be satisfied by this hypothesis down to, respec-
probability that Meyer et al. measured Qvhich at the time of tively, 17 and 13.

their observation must have been brighter thandthe extent To illustrate the parametric scatter among the best achieved
that it satisfactorily approximated the optocenter of D. solutions, three of them are compared in Table 4. They all indi-

The endurance of component D (and latg) 3 estimated cate that component C separated from the precursor of A right
from the observations at410 equivalent days, which is someat the time of the 1989 perihelion, that is, only several days after
what less than the value found for the maximum longevity dfie event that involved component D. On the other hand, the so-
the persistent fragments in the past (Sect. 6). lutions based on the less likely fragmentation hypotheses, with
B or D in the capacity of A, yielded the time of splitting in a
range of 20-30 days after the 1989 perihelion.

The endurance of component C is estimated at approxi-
The scenarios under consideration included those with compoately 350 equivalent days, taking Oct. 11, 1994 (Pravec 1998)
nent C sharing a common parent with A, B, or D. The premiss the date of its final sighting. This estimate is near the upper
of C separating from the precursor of A yielded solutions thhnit to the expected longevity for fragments similar to C, and
were the most consistent with the data. At a rejection cutoff ifis rather unlikely that this component will ever be detected
+3 arcsec, these solutions matched 21 of the total of 22 offsefain.
pairs; at a cutoff of+2 arcsec, 19. The solutions based on the

4.3. Component C
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4.4. Component E Table 4. Solutions for component C as companion to A.

All four other components, A—D, were considered as potentiat
participants in a breakup episode that gave birth to companion E rameter
Unfortunately, because of the faintness, diffuseness, and lack o | m M
condensation of E (Pravec 1994a), and also because of the small
number of positions measured (a total of seven) and the shdiine t,,);.
interval of time covered (11 days), only two-parameter solutions(days from
could successfully be derived. When more than two parametergerihelion
were solved for, either their errors were found to be unacceptabl)'f1 1989)
high or such solutions altogether failed to converge. Velocity of
The optimized two-parameter solutions for the four scenar-se'?g_at'on
ios are presented in Table 5. If fragment E was related to one o ' 2434104 27740098  2.83% 0.50
the two components in the southern group, then E had begun its'**" ' ' ' ' ' '

Solution

+0.2+: 1.6 -03+14 -03£13

existence several montheforethe 1989 perihelion passage. On | 4! *163+022 +1.66-019 +1.66+0.19

- Viransv —-1.80+1.39 —2.154+1.23 —2.29+ 0.60
the other hand, if E was related to one of the other component +0.17+ 0.60 +0.06+ 0.51
. . normal . . . . (000)
in the northern group, then it was the product of the last fragct-) lerati
mentation event of the 1989 return and its birth had taken pla e oeleraton

L . % (10™° solar

more than 1 years after the 1989 perihelion. While it cannot attraction) 9.4-5.8 11.0£51 115+ 2.5
be determined with certainty which of the four scenarios is thg;o a1, resid-
correct one, the common parentage of D and E is suggested a3y (arcsec) +1.19 4+0.99 10.98
the likeliest. This hypothesis satisfies the seven positions mogt,mper of
closely and is also preferable because it provides a better matcifsets used 21 19 19

to the approximate positions of component E reported, but not

measured, by Pravec (1994c) on Sept. 23 and Oct. 5. Table 5. Comparison of various solutions for component E.

4.5. Components A and B Component E as companion to
. . . . Parameter
The described succession of breakup episodes points to a sce- A B C D
nario in which components A and B almost certainly shared=a
common parent. Tn(rjnets?m
| first postulated that A was the primary fragment and B (ee:i)llwselirgrr?
the secondary. All solutions with the transverse component oﬁ1 1989) _117+8 —1664+8 +649+33 +592+29

the separation velocity assumed to be zero impliedsfa very Deceleration
slight deceleration, but left an entirely unacceptable distribution, (10-5 solar

of residuals, with strong systematic trends reaching a maximunattraction) 6.200.3 7.260.3 5504 4.3£0.3
of ~10 arcsec in right ascension. Origg. .., Was solved for, Mean resid-

the match improved dramatically, but the deceleration changedal (arcsec) +3.1 +3.0 +3.9 +2.8
into an acceleration. Simultaneously, the calculated time o§umber of

splitting moved back in time from-100 days before the 1989 offsets used 7 7 7 7

perihelion passage in the runs withddt..,.s, to ~600 days

before perihelion in the improved solutions. o ] o
Thus, the calculations somewhat unexpectedly suggest tpagrtly before the 1989 perihelion, is estimated at a minimum

the principal component of this breakup event is to be idenfif ~580 equivalent days.

fied with condensation B. This identity is also implied by the

solutions in which A was from the beginnirgsumedo be the 5, Fragmentation sequence and the hierarchy

secondary fragment, with three representative sets of parameof progressive splitting

ters listed in Table 6. Solution | results for a rejection cutoff of . )
+3 arcsec, while the cutoff is-2 arcsec for Solutions Il and !t IS Now appropriate to summarize the sequence of nuclear

IIl. The normal component of the separation velocity is founfj2gmentation for comet P/Machholz 2 as described by the op-

to be for all practical purposes zero, and this value is forced!iz€d orbital solutions derived in Sect. 4.

Solution 11, judged to be the best of the three. The string of condensations observed after the comet was
The solutions in Table 6 consistently indicate that the evefffgcovered in 1994 indicates that the fragme”té“on process

involving components A and B was the earliest breakup episdfedan some 600 days prior to the comet's previous passage

for any of the fragments observed in 1994. The endurancet@fough perihelion. The earliest breakup is found to have oc-

component A, if reckoned from the time of birth of its precurs&“”ed in late 1987, when the parent comet was at a heliocentric
distance of~4.75 AU and~0.3 AU south of the ecliptic. For
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Table 6. Solutions for component A as companion to B. PARENT

Solution

Parameter I_l_I
| Il 11
Time tspiit |_|_|
(days from

perihelion Ay . . D,
in 1989) —644+43  —6144+32  —600+ 24 | |
Velocity of
separation ‘ . .

A c

(m/s): |D E
Viotal 1.86+0.11 1.994+0.10 2.05+ 0.09

Viadial +1.85+0.11 +1.98+0.10 +2.03+0.09 . .
Viransv —0.15+0.10 —-0.224+0.08 —0.27+ 0.07 D, D,
Vaormal —0.04+0.02 —0.02+ 0.02 (0.00)

Deceleration Fig. 3 Fragme_ntation hierarchy pro_posed for P/Mac_hholz Zﬂ'zhe
- ENT is the original comet, whose existence was terminated in late 1987,
~v (107" solar PN .
attraction) 28L26 48+21 59+17 when it splitinto compongnts B and l_}gDComponent AD existed for
about 600 days, before it broke up into componenisaAd D) near
the comet’s 1989 perihelion. None of the four objects depicted by the
squares has ever been observed. Compongmwas a short-lived frag-
Number of ment that divided, after only some 5 days, into components A and C.
offsets used 42 30 29 On the other hand, component Burvived for about 600 days before
it split into components D and E. Component D broke up into com-
ponents @ and D, near the 1994 perihelion. Fragments A, B, C, D
comparison, the comet’s aphelion distance is 5.3 AU. This ealyter D, and D), and E, which are depicted by the circles, were all
splitting involved component B and the grand precursor of fragbserved in 1994.
ments A and D. The next breakup event took plaéedays be-
fore the 1989 perihelion, when the grand precursor divided into
two pieces, the precursors of A and D. Several days later, right@dssive of the two initial fragments, that has continued to break
perihelion, a new disruption episode gave birth to componentsip. The other piece, identified as component B in 1994, appears
and C. Components D and E were born approximately 600 dag$ave undergone not a single disruption episode. Considering
later, in early 1991, at 4.75 AU from the Sun and 0.8 AU southe suggested correlation between nuclear splitting and activity
of the ecliptic. There is no evidence for any other fragmentéSect. 4.1), the intriguing question is whether the intrinsic faint-
tion event until shortly before the 1994 perihelion passage. Thess of component B (in comparison with A and D, for example)
elongated appearance of condensation D suggests a rapicceald be an inevitable consequence of its resistance to splitting.
quence of three potential events involving this component, tlibe implied relationship between splitting and activity, appar-
first some 5 weeks before perihelion, the second a week befend from numerous examples in the past, has traditionally been
perihelion, and the third perhaps some 5 weeks after perihelierplained by the sudden exposure of a formerly protected sur-
Only the second of these three episodes produced an obsefged and by the resulting increase in the sublimation of newly
fragment, when B was detected on three nights alongside thexcavated volatile substances that have become subjected to the
much more persisting condensation Dhere is no doubt what- effects of impinging solar radiation. If there is no splitting, no
soever that fragments similar tg;Phaving separated from anyices are exposed, hence no significant activity.
of the components during the 1989 return, could not survive un- Since August 1982, when P/Machholz 2 approached Jupiter
til 1994. Thus, we remain unaware of any such breakup everitsapproximately 1 AU, no closer encounter between the two
because the comet was not observed during its 1989 returrbowlies has taken place (Marsden 1998, personal communica-
account of an extremely poor geometry. tion). Consequently, the entire sequence of the comet'’s frag-
Referring to the precursor of A and C as componefttd mentation events is definitely nontidal in nature, including the
the precursor of D and E as component Bnd to the precursor earliest episode near Jupiter’s orbit. It is known that one attribute
of Ay and ) as component AR, the proposed fragmentationof nontidally split comets, which has repeatedly been confirmed
hierarchy for P/Machholz 2 is presented schematically as a fany- observations, is the leading position of the principal, most
ily tree in Fig. 3. massive nucleus (Sekanina 1997). Thus, contrary to the conclu-
The startling feature of this sequence of breakup events issaon based on the dynamical analysis, thle of thumisuggests
extreme asymmetry, in that only one of the two initial compdhat it is fragment A that is descended from the initial principal
nents of the parent nucleus has gone onto split progressively iobanponent of P/Machholz 2.
ever more fragments. The proposed interpretation of available Fig. 4 compares the observed separations among the various
evidence suggests that itis componentbe presumably less fragments with the accepted dynamical solutions. The paramet-

Mean resid-
ual (arcsec) +1.47 +1.05 +1.03
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Fig. 4. Comparison of the optimized solutions for the breakup events of P/Machholz 2 with the astrometric positions of the fragments. From left

to right, the offsets in right ascension and declination refer to: component C relative to component A; D,(Jatdafve to A; B relative to A;

and E relative to D. In the inset::Delative to O . The large circles are the fixed positions of the reference component from which the offsets of

the other fragment are reckoned. The dots are the offsets employed in the solutions. The open circles are some of the offsets excluded from the
solutions because they have left unacceptably large residuals. The crosses are approximate offsets, reported but not astrometrically determined.

ric sets used are Solution Il from Table 6 for the event invollecity vectors were arranged essentially along a great circle, ina
ing fragments A and B, Solution Il from Table 4 for the birth otonfiguration that was interpreted to be a product of the approx-
component C, Solution Il from Table 2 for component D (latemately conserved angular momentum of the original comet at
D,), the rightmost solution from Table 5 for component E, anithe time of initial disruption. Although the separation-velocity
Solution IV from Table 1 for componentD The offsets of B vectors are available only for three breakup events of comet
relative to A are simply the offsets of A relative to B plottedachholz 2, it still is of interest to test whether and to what de-
with the opposite signs. With the exception of the two approxgree they satisfy the condition to which the fragments of comet
mate positions of E on Sept. 23 and Oct.5, the match is entir&iioemaker-Levy 9 conformed so closely. The examination of
satisfactory for all the fragmentation events. the vectorial distribution of the separation velocities of comet

The left panel of Fig. 5is an overview of the orbital evolutioMachholz 2 is also warranted by their striking nonrandomness
of fragments B through E relative to A, in projection onto tha the RTN coordinate system (Tables 2, 4, and 6). The radial
plane of the sky, until the beginning of 1995. The trajectories atemponent of the separation velocity (exceeding 1 m/s) is al-
dominated by large loops, which are confined mostly to Augustys positive, its transverse component is always negative, and
1994, around the time of the comet’s close approach to Eaitthnormal component is always near zero. This last piece of
shortly before perihelion. The right panel is a closeup view efidence implies that the separation-velocity vectors are ap-
the region of small separations. proximately confined to the comet'’s orbital plane.

Investigating the evolution of the products of secondary The equatorial coordinateSy,.;, dve1} Of @ companion’s
fragmentation of comet Shoemaker-Levy 9, Sekanina et séparation-velocity vector, whose tabulated magnitude and
(1998) found that the separation-velocity vectors of the sé&TN components are, respectivelyial, Viadialsy Viransy, and
ondary fragments were distributed very nonuniformly. The vé4,,....1, can be calculated from:
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Fig. 5. Projected motions of fragments B—E relative to A (large solid circle) of P/Machholz 2. A global view of the evolution until early 1995 is
on the left, a closeup on the right. A small solid circle on the left is the birth pointoffbe tick marks refer to the beginning of the indicated
month. For example, 94/8 stands for August 1, 1994.

COS Qlyel COS Oyel 1 P, Q. R, nucleus was near 170f the separation points were on the sun-
Sin Qryel COS Oyel | = P, Q, Ry lit side, the rotation was prograde and the obliquity was close
sin 6vel total Pz Qz Rz (l) to 10°.
COS Vspliy —SiN Vgplig 0 Viadial
X | sinvspiie cosVspiie O [ Viransv | 6. Comparisonswith comet 3D/Bielaand other split comets

0 0 1 Vnormal
Noteworthy cases of both similarity and discrepancy in the dy-

where vypii; is the true anomaly at the time of splitting angyamical and physical properties of fragments are found when
Py, ..., R are the relevant equatorial components of the ujpmachholz 2 is compared with other split comets, and espe-
vectorsP, @, and R directed, respectively, to the perlhellorbia"y with Biela’s comet.

point, to the point in the orbit plane at true anomaly of %90 Besjdes the fortuitous coincidence between Machholz 2 and
and to the northern orbital pole. ~ Biela in most, but not all, of their orbital elements, the two

If angular momentum has been conserved during tB%jects had other attributes in common.

progres;ive frag_mentation of the original comet, then the |, the first place, Machholz 2 and Biela are the only split
separation-velocity vectors of the nuclear components shoglgets with fragments that are known to have survived over

satisfy a condition time spans substantially exceeding one revolution about the Sun.
(The splitting of 79P/du Toit-Hartley had probably taken place
only one revolution before it was observed as a double comet
whereA, ., andB,; are rotation constants of the parent nucleus 1982; in any case, the assumption of two revolutions elapsed
(see Sekanina et al. 1998 for detalils). does not improve the match to the observations available.)
Application of condition (2) to the separation-velocity vec- However, whereas the earliest breakup event of comet
tors derived from the three relevant fragmentation solutions fglachholz 2 occurred near aphelion, approximate}yolbital
P/Machholz 2 indicates a good match, to within abdyteven periods before the comet’s discovery, Biela’s fragments were
though the vectors are distributed along an &40 long. observed atits next return to the Sun, in 1846, as well as one rev-
If the companions separated, like the secondary fragmentsoaftion later, in 1852. And while the earliest breakup of Mach-
Shoemaker-Levy 9, from the dark side of their parents, the origelz 2 is found to have occurred about 1 ygast aphelion,
inal comet’s rotation was retrograde, the rotation pole was IBiela split some % yearsbeforeaphelion. The significance of
cated atR.A. ~ 60°, Dec. ~ —70°, and the obliquity of the this difference is obvious, as it implies disruptions at times of

Arot COS Qiye] + Brot sin el + tan 5vel = Oa (2)
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opposite thermal regimes at the nucleus surface: Machholz &smnecting both components together on Feb. 21 and the fol-
was warming up, while Biela’s cooling down. lowing dates appears to be too vague to offer any meaningful

The two objects also differ in that Machholz 2 is known tgupport to Maury’s more detailed characterization of the ob-
have broken up into a multitude of fragments, not just two corserved phenomena. Even worse, Peters (1846) reported that on
ponents. Considering, however, the limited sensitivity of visugkb. 20 he could not detect any nebulosity that would bridge
detection techniques of the mid-19th century, Biela’s additionthle gap between the two condensations. And Schmidt (1846),
fainter companions may have been missed, so that the numsho observed the comet only from Feb. 4 on, was adamant in
of observed fragments is not necessarily an important aspechisf report that on Feb. 21 no material was connecting the two
this comparison. masses and that the space between them was completely dark.

The behavior common not only to P/Machholz 2 anHe remarked, though, that on Feb. 26 the main condensation
3D/Biela, but also to a number of other split comets, involvémd a slight fan-shaped extension on the side facing the com-
major short-term intrinsic-brightness and appearance variatigganion, thereby filling out some of the dark space between the
among the fragments as well as the development, in the antistles components. On the whole, evidence for a dust trail bridg-
direction, of independent, nearly parallel tails, once the compag the space between the fragments of Biela's comet in 1846
nents are far enough apart that they no longer share the cosgtmuld be considered as inconclusive.
| have already referred to sudden flare-ups of P/Machholz 2's In 1852, Biela’s comet was fainter than in 1846 and, accord-
component D, while erratic light curves for fragments of severilg to Struve (1857), both fragments were detected simultane-
split comets are presented in Figs. 8 and 9 of Sekanina (1988)sly on only four of the 16 days of observation. Major bright-
A spectacular example of parallel tails was displayed by thess variations and tails were again reported, but no arch of ma-
recently defunct comet Shoemaker-Levy 9 (e.g., Weaver ettalrial between the two components. Interestingly, the comet’s
1995), but descriptions of a number of less impressive instanéi@eal observation, by Struve on Sept. 28, 1852, referred to the
can be found throughout the literature. companion. Its endurance is estimated 800 equivalent days,

For rapid changes in the brightness and appearanceaafear-record longevity among the split comets in the past.
Biela’s fragments the reader is referred to Maury (1846), Peters During Biela’s next return to the Sun, in 1859, observing
(1846), Reslhuber (1847), and Struve (1848) during the 18dénditions were extremely unfavorable, and neither fragment
apparition and to Secchi (1853) and Struve (1857) during thas ever been seen again. Another nontidally split short-period
1852 apparition. In the critical period of time in 1846, the tailsomet that vanished was the poorly documented case of comet
pointed in position angles af70°—80°, nearly perpendicular to Giacobini (D/1896 R2). On the other hand, three nontidally
the direction of the companion, which wasi320°-330 from  split short-period comets —69P/Taylor, 79P/du Toit-Hartley, and
the main component. In 1852, on the other hand, the directib®8P/Ciffeo — were, after duplicity, observed to return to the
of the projected orbit (along which the fragments were aligne8un with only asingle condensation, which in each instance
and the direction of the prolonged radius vector (along whigtirned out to be the principal component. This inherent diversity
the tails were extended) subtended an angle of only abdut 15with Biela and Giacobini on the one side and the three comets
and they were more difficult to distinguish. on the other — should alone provide motivation for considering

The problem of material connecting Biela’s nuclear condemvestigations of P/Machholz 2 in its forthcoming return to the
sationsis acontroversial one. Atfirstglance, awealth of suppdBtin (Sect. 7).
ing evidence was provided by Maury (1846). On Jan. 18, 1846, Comparison of P/Machholz 2 with other split comets also
he remarked that a second tail of the companion was “reaetitldresses one aspect of the controversial issue of the initial
ing toward” the main fragment. On Jan. 23 this tail was agaprincipal fragment’s identity. Among the 26 nontidally split
“reaching over to” the primary component or “just to the soutbomets on the updated list (Sekanina 1997), six (including
of it.” On Feb. 12, Maury “caught glimpses” of a tail extendP/Machholz 2) are known to have broken up into more than two
ing from the companion to the principal nucleus “just abovgieces. Of these, two — C/1899 E1 (Swift) and C/1915 C1 (Mel-
a straight line between the two, and in a sort of arch.” Cortish) — are “new” comets from the Oort Cloud; one (C/1975 V1
menting on his Feb. 18 observation, Maury mentioned that tiMest) is an old comet, whose original orbit had a period of
companion appeared “to have thrown a light arch of cometaapout 16,000 years (Marsden and Williams 1997); and the
matter from its head over to” the main component. On Feb. &#&ee remaining ones — 51P/Harrington, 73P/Schwassmann-
he reported an “arch way of cometary matter between the tiachmann 3, and P/Machholz 2 —belong to short-period comets
nuclei” and on Feb. 26 the principal nucleus was “darting” a taif the Jupiter family. For Swift, Mellish, and West, all compan-
at the companion. Thus, on as many as six occasions betwiggrs were found to have broken away from the principal nucleus
mid-January and the end of February 1846 did Maury refer {8ekanina 1982). Preliminary studies suggest that this likewise
cometary material that in one way or another connected the twas the case with P/Schwassmann-Wachmann 3 (Sekanina etal.
components. This information was corroborated only to sori®96) and almost certainly also with P/Harrington (Sekanina,
extent by Peters (1846), who remarked on a small, very faimipublished). Thus, if condensation B should indeed be the pri-
tail extending on Jan. 19 toward the northwest, which was theary component of P/Machholz 2, this object’s fragmentation
direction of the companion. Reslhuber’s (1847) comment tHaierarchy would very probably be without a precedent.
only an extremely delicate nebulous envelodel§eltille) was
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7. Conclusions and predictions correct direction to support this hypothesis. The tendency for

. . L . ... cometary splitting to entail a subsequent increase in outgassing,
The major results of this investigation are: (i) the determmatlonhiCh is commonly explained in terms of exposure of a “fresh”

of nontidal nature of P/Machholz 2's nuclear splitting; (i th?c surface to solar radiation (Sect. 5), could account for the re-
ftalization, due to recurring breakup episodes, of the activity

optimization of a model for the sequence of the comet’s breaku
or fragment A and its precursor, as well as for their nongravi-

events; and (iii) the description of the proposed hierarchy of |\f
Isop“ggg dthv?/:tlr? gro]lnsfrt;n;m:; ttr:/sosﬁ]?ﬁ;nggﬁfgﬁemfsr%rfc ?ﬁ/ titional decelerations. By contrast, the resistance of component
P ! y P Bto splitting can explain both its intrinsic faintness and imply

Eg:r?gtt’snfli glerizr?tzngt?:é?\?etcioirslpllggfzrg;e;rgllezuft:r:ihc:irthﬁé? absence of nongravitational effects in its orbital motion.
9 P P The fairly high separation velocities, consistently derived

cursors during the previous return to the Sun, in 1989, Whf‘arr(])m the orbital solutions for the events involving components
the comet was unobservable. Since P/Machholz 2 is currentl 9 P

o . ; o . %, C,and D suggest that the nucleus of the original comet
%ﬁhap&ir'::ggtizalf;’ t'és Oerrti)r'f:|li§re1rif?aisitgg§ tfn:jegir:idef&éay have been relatively large. Assuming that fragmentation
separgation time determinpations are relatively ir;sensitive to the > facilitated, if not triggered, by rapid rotation, one can est-

. - ) . he effective di fth leusii—15 km.
orbital period, their values for the events during the 1989 ret Jiate the effective diameter of the parent nucle S km

Uhe separation-velocity vectorial distribution along a great cir-

are, in Tables 2 and 4-6, expressed relative to perihelion, rathfar . . .
than beina identified by the date. The most uncertain as ecc corroborates a rotation-driven scenario and suggests that at
Y y ' P EI%) time of initial disruption the parent comet’s spin axis was

the fragmentation sequence is the identity of the initial princrlfearly normal to the plane of the comet’s heliocentric orbit. If

pal fragment; from the findings in Sects. 4.5 and 5, it should %%e can draw analogy to the (nontidal) process of secondary

either component B or the precursor of A. fragmentation of Shoemaker-Levy 9, then the rotation sense of

Three points can be construed as evidence for the precursor parent nucleus of comet Machholz 2 was retrograde.

Of A to be equated with this principal fragment: (i) A was the _ The dust trail, connecting the string of fragments and re-

leading component (cf. Sekanina 1997 for an interpretatio . f .
(i) during most of the 1994 apparition it also was the brighte orted independently by three observers, provides compelling

of the fragments and persisted the longest, having been ide %/i|dence for a copious production of large-size particulate de-

fied by Marsden (1998, personal communication) with the o Is during, between, and/or following the breakup episodes.

condensation observed at the end of March 1995 (Green et ég,c.e dthel duslt rai SthEd the samhe volumel_of_spacehwnh the
1995), some § months after perihelion; and (i) all the op-avidual nuciear con ensations, the upper limits to the sizes
served fragments except for B separatéd from the precursofra1 89 masses of dustparticles involved can be estimated by assum-
A. Unfortunately, the brightness (because of its variability) ar% g that they were releasetiiring the earliestliscrete breakup

. L . L . ; event, and by interpreting the derived magnitude of this non-

the survivalwithin a single apparitiorare not very diagnostic of - L .
the principal fragment, as companions (such as Biela's) areqrnawtatlonal effect as due to solar radiation pressure. Typically,
P P g ’ b thegadiation-pressure accelerations are on the orderdfthe

these respects often on a par with the main mass or even exceed gravity, thereby implying the presence in the trail of par-

it. Of the other two points, the leading position appears to befigulates of very respectable dimensions, in the submeter range

more significant one. : A . . >
: : .and with masses significantly exceeding a kilogram. To esti-

. There are two arguments thaF favor_ the |d_er_1t_|ty of the P ate the lower limits to particle sizes and masses, one needs to
cipal component with condensation B in the initial breakup of

. . - Study the trail's observed spatial characteristics as a function of
P/Machholz 2. One is the deceleration of fragment A relative fo, 2q\meq particle ejection time and solar radiation-pressure
B, while the other is based on the radial and transverse comp:

. . . . ﬁgzeleration. For example, the calculations made for the trail
nents of the sepgratlon VemC'tY’ whose signs are consistent WAt does not deviate from the orbital path of the major frag-
those of companions D and C in the subsequent breakup everrg]tgms by more thas-1 arcmin suggest that in Sept.—Oct. 1994

This latter pointis deemed important because itis strongly e contributing dust grains could not have been released — not
iniscent of the rotation effect in the separation-velocity distne— en with a zero normal eiection velocity — more recently than
bution for the products of secondary fragmentation of comgg ) y y

. veral hundred days after the 1989 perihelion. The character-
Shoemaker-Levy 9 (Sekanina et al. 1998). If fragment B WelStic radiation-pressure accelerations of the particles confined

the companionto A, the signs of the separation-velocity COMRG"the orbital arc between fragments A and E could not have

\r/]v?)r:[lsdvgzullc?s?e reversed and the significance of this CO'nC'deg‘fgnificantly exceeded-0.0002 the solar gravity. If their bulk

If condensation B should be the initial breakup’s princip§enSIty was as low as0.2 gfent, as generally expected, the

component, the leading position of A could only be understo (i:ticles would typically be at least a few centimeters in di-
P ' gp y eter and at least a few grams in mass. The bulk of smaller

as an effect of the impulse acquired by this fragment in th[f’ﬁl.ljlrticles, ejected more recently than several hundred days after

event. Slr_1ce the s_olutlons in Table 6 |r!d|cate th_at A has bet%% 1989 perihelion, would be located farther to the west from
decelerating relative to B, the separation-velocity effects

. . %'e line that connected the fragments. A more comprehensive
ceeded the deceleration effects as late Asevolution after the 9 n

nalysis would require a photometric examination of the light

breakup. The separation-velocity vector of Ain Table 6 has t ftribution both across and along the trail. Since one of the dis-
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Table 7. Predicted separation distances and position angles for cam-Table 7. The orbital elements calculated by Marsden (1996)
ponents A, B, and D of P/Machholz 2 during the comet's forthcomirigdicate that the comet will be at perihelion in early December

apparition of 1999/2000. 1999. Fragments B and D will follow A to perihelion by about
0.21 and 0.82 day, respectively (Marsden 1998, personal com-
Brelatveto A Drelatveto A Elon- munication). The comet’s elongation from the Sun will exceed
(OE?Jt'er) Sep.  Pos, Sep.  Pos. gat}?gm ~50° for a total of 17 months without interruption, from early
(arcmin) angle (arcmin) angle Sun February 1999 (34 AU from the Sun mbound) until early JU'y
2000 (2.7 AU outbound). Earth’s closest approach, to 0.32 AU,
1999 July 1 48 254 169 254 162 will occur in mid-January 2000, when the comet is slightly less

21 4.2 248 14.4 247 137

than 1 AU from the Sun. The geometry is therefore ideal to con-
Aug. 10 3.3 238 11.4 237 114

duct extensive searches for the fragments seen in 1994 and, if

30 2.7 228 9.5 226 o4 the comet’s disintegration has been continuing, for more recent
Sept.19 2.4 220 8.6 218 78 !
Oct. 9 23 217 85 216 66 fragments as well. , o _
29 23 217 87 219 57 Comparison with othgr split comets is too mcpnclulswe to
Nov. 18 17 223 73 297 52 predict Wh.ICh fragmen?s, if any, will survive and which will not.
23 1.4 228 6.4 234 51 However, it seems unlikely that C.Dand E will be recovered
28 09 246 52 248 50 in 1999, so only condensations A, B, ang @alled D) are con-
Dec. 3 0.8 297 4.6 278 50 sidered in Table 7. Because of the unfavorable circumstances of
8 1.6 333 6.4 311 49 comet Biela's 1859 return (Sect. 6), we will never know what the
13 29 341 10.8 326 50 chance of its recovery would have been under propitious condi-
18 49 338 176 328 50 tions. Since one revolution about the Sun in the orbit of comet
23 7.7 332 275 325 52 Biela adds~300 equivalent days to the endurance, an 1859
28 117 323 42 318 54 detection of Biela’s fragments would have increased their ob-

2000 Jan. 2 17.3 313 62 310 59
7 24.6 304 87 302 64
12 32.2 296 115 295 72
17 37.8 290 137 289 81

served longevity t6-800 equivalent days. Survival of the three
brighter fragments of P/Machholz 2 through the 1999 perihelion
passage requires their longevity to reaeh80 equivalent days

22 396 285 147 285 90 for components A and B and650 equivalent days for D. An-

27 379 282 144 282 97 other argument that can serve to elevate our hope that searches
Feb. 1 343 281 133 280 103 for some of the fragments of P/Machholz 2 in 1999/2000 may

6 30.2 280 118 280 107 not be entirely in vain is the enormous increase in the detector

11 26.3 281 103 280 110 sensitivity of observing techniques since the mid-19th century.

16 228 281 90 280 111 With an optimistic frame of mind, further bolstered by the

21 199 281 79 281 112 apparent tendency for underestimating the true longevity of

26 174 282 69 281 112 comet fragments (Sect. 3) and by the erratic behavior (including

Mar. 2 15.3 283 61 282 111
7 13.6 283 54 283 110

12 12.1 284 48 283 109

17 10.8 285 43 284 107

unexpected flare-ups) of past nontidally split comets (Sect. 6),
| show in Table 7 that condensation D may project up-#5.5
and B up to~0°.7 away from A. Although uncertain, these pre-

22 9.7 285 383 285 105 dictions could serve four useful purposes. First, in the case that
27 88 286 346 285 103 all three, or at least two, of the considered fragments will have
Apr. 6 73 287 286 286 08 survived, the listed separations should be of some assistance in
16 6.2 288 240 287 94 the efforts to identify them. Second, if further breakup events
26 53 289 204 288 88 have occurred following the 1994 apparition, such new frag-

ments would be more closely spanned than indicated in Table 7,
in which case the presented data could serve as a discrimina-
crete breakups apparenﬂy occurred as lateGR0 days past the tor between the known and the more recent splitting episodes.
1989 perihelion, the first-approximation model suggests that third, if only one fragment is detected in 1999/2000, the listed
observed dust trail consisted of material ejected during andg@pParations, combined with a standard ephemeris, should help
in between the splitting episodes, but not in the wake of theffgtermine or constrain its identity and thereby to assist in rec-
The trail consisted of centimeter- to submeter-sized particul&@nizing the principal component. And fourth, if recovery of
debris, which — if on a collision course with Earth —would giv€ven one of the fragments should by itself become a problem,
rise to a brief fireball shower. the predictions provide at least some information on the prob-

The last issue addressed here is, appropriately, the futalde length of the orbital arc along which the search should
evolution of this unusual comet. Driven by the need for infoP€ intensified. In any case, concerted efforts aimed at recover-
mation on the 1994 fragments in case they persist for anotfzg P/Machholz 2 and its fragments in 1999/2000 are bound
revolution about the Sun, my predictions for the comet's fortio have beneficial effects in our quest for a better understand-
coming return of 1999/2000, a very favorable one, are presented
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ing of comets in general and the constitution of their nuclei iakamura A., 1994a, Internat. Comet Quart. 16, 154
particular. Nakamura A., 1994b, Internat. Comet Quart. 16, 174
Nakamura A., 1994c, Minor Planet Circ. Nos. 23885-6, 24026, and
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