the stationary feature is very nearly the same
as the meridional wave number of the alter-
nating high-latitude jet streams, estimated as
27 divided by the peak-to-peak horizontal
spacing of the eastward jets. Godfrey’s (1)
cloud-tracked wind measurements show
peak eastward velocities at 76° and 61°
north planetocentric latitude, corresponding
to a meridional length scale for the jets of
Ly~ 2.3 X 10° m ~ #/6. This coincidence
may suggest that planetary wave number 6 is
selected as the natural response to the same
forcing that gives rise to the alternating
zonal wind pattern. The inverse model anal-
ysis of the vertical structure problem for the
inferred negative equivalent depth may
therefore offer an important characterization
of the planet’s general circulation.

Further observational constraints on the
deep atmospheric structure and dynamics of
Saturn may be provided by a longwave
(~ 10-cm) radiometry experiment on the
Cassini orbiter. In the meantime, further
interpretative studies of synoptic-scale fea-
tures in the Voyager imaging data may offer
the only observational avenue.
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The Strange Periodic Comet Machholz

DaNieL W. E. GREEN, HANS RI1CKMAN, ALAIN C. PORTER,*

KAREN J. MEECH

The recently discovered periodic comet Machholz 1986 VIII (1986¢) travels closer to
the sun than any known planet and any known comet with an orbital period of less
than 150 years, thus providing astronomers with a unique object for studying
cometary evolution. The comet is spiraling steadily closer to the sun, from perihelion
distance g = 0.9 astronomical unit at about A.D. 700 to ¢ = 0.13 at present (orbital
period, 5.25 years), to an expected g = 0.03 by about 2450; should the comet survive
such increasingly close perihelion passages, ¢ will begin steadily to increase shortly
thereafter. A review of observations made since discovery is presented, together with a
discussion of numerical investigations of the comet’s orbit over 4000 years and
prospects for observing the upcoming return to perihelion in 1991.

MOST UNUSUAL SHORT-PERIOD
comet was discovered visually on 12

ay 1986 by California amateur
astronomer Donald Machholz (1), who was
using a large pair of binoculars. Following
the usual practice for a newly discovered
comet, Marsden (2) computed parabolic or-
bital elements under the assumption that
this object was traveling in a nearly parabol-
ic, long-period (that is, orbital period >200
years) path around the sun, and he found
that its orbit was also highly inclined
(i ~ 60°) with respect to the ecliptic. In-
deed, almost all comets discovered visually
nowadays that have high-inclination orbits
are long-period comets. As more observa-
tions became available, however, it soon
became evident that this object has an or-
bital period (P) as short as 5.3 years, and

D. W. E. Green, Harvard-Smithsonian Center for Astro-
physics, Cambridge, MA 02138.

H. Rickman, Astronomiska Observatoriet, 75120 Upp-
sala, Sweden.

A. C. Porter, California Institute of Technology, Pasade-
na, CA 91109.

K. J. Meech, Institute for Astronomy, University of
Hawaii, Honolulu, HI 96822.

*Present address: Kitt Peak National Observatory, Tuc-
son, AZ 85726.

hence it became known as periodic comet
Machholz 1986 VIII = 1986¢ (hereafter,
P/Machholz).

What emerged as so unusual is the combi-
nation of the comet’s short orbital period
and high inclination, and its small perihelion
distance (¢ = 0.127 AU). No other known
comet with 'P < 150 years goes closer to the
sun than P/Encke (P = 3.3, ¢ = 0.341). Of
the ~150 known short-period (P < 200
years) comets, only five have orbital periods
less than that of P/Machholz (two of the five
being considered “lost”). Most of these
short-period comets belong to the so-called
Jupiter family, characterized by relatively
close approaches to Jupiter over periods of a
few hundred years or less that affect the
comets’ orbits. P/Machholz apparently has
not had such perturbing close approaches to
Jupiter in thousands of years, even though
its aphelion distance of Q = 5.9 AU is well
outside that planet’s orbital distance
(a3 = 5.2 AU). P/Machholz’s high orbital
inclination is responsible for keeping the
comet at a safe distance from Jupiter. Only
four of the known periodic comets have
orbits inclined more steeply (with respect to
Earth’s orbit) than does P/Machholz. The
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comet is in some respects similar to P/Hal-
ley-type comets, but such comets tend to
have P > 50 years; it will be noteworthy if
in the future other comets are found in
orbits similar to that of P/Machholz.

How long can P/Machholz have been in
such an orbit, and how much longer can it
stay there, before (i) it is strongly perturbed
by one or more major planets or (ii) it
breaks apart from solar influences? P/Mach-
holz’s short orbital period should give as-
tronomers a good opportunity to study the
evolution of a comet from both physical and
dynamical standpoints; the comet’s proximi-
ty to the sun at perihelion suggests that
changes in the state of P/Machholz’s nucleus
may be observable in only a few revolutions.

Green (3) discovered that the comet’s
perihelion distance has been slowly but
steadily decreasing over the past few centu-
ries. How P/Machholz’s nucleus fares
against increasingly closer trips to perihelion
may give insight into the density and overall
structure of the cometary nucleus. It is un-
clear whether such changes will be visible
over a few apparitions, however, as a few
revolutions may not be enough to change
perceptibly the volatile content of the nucle-
us even at g < 0.1 unless the comet is al-
ready near the end of its resources; short-
term variations in the nongravitational-force
behavior of short-period comets appear to
be influenced by varying amounts of dust
coverage or nucleus precession, which
changes the insolation conditions of the
active spots (4). Changes in the nongravita-
tional forces arising from such effects should
be correlated with changes in the brightness
behavior (either the absolute brightness lev-
el or the variation with time around each
perihelion passage), but such changes are
unfortunately much more difficult to ascer-
tain. The smaller the perihelion distance, the
slower would be the evolution of the dust
coverage according to the simple idea of
grains entailed by the outflowing gas up to a
maximum size above which they remain on
the surface (5). With the higher gas flux of
small-g comets, grain accumulation would
necessarily proceed more slowly. However,
the actual situation may be much more
complicated than this picture, and, in fact,
an equally legitimate conjecture is that
small-g comets usually have a long past
history in short-period orbits so that exten-
sive dust mantling of their nuclei may have
occurred. It is interesting to compare
P/Machholz to P/Encke and asteroid (3200)
Phaethon, which may be cometary nuclei in
small-q orbits that yet managed to develop
dust coverage (6). As discussed below, there
are indications that the nucleus of P/Mach-
holz is active only over a low percentage of
its surface, so in this sense it appears inter-
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Fig. 1. Perihelion distance of P/Machholz as a
function of time, given in years A.D. The wiggles
appearing most clearly are caused by moderately
close encounters with Jupiter occurring at inter-
vals of =50 years. These are closest at both ends
of the integration interval.

mediate between P/Encke and (3200) Phae-
thon, if the latter is indeed an extinct comet.

Integrating the orbit over many centuries
is “risky” in that any small errors in the
orbital elements or any close planetary en-
counters are magnified considerably as more
integrating is performed. Nongravitational
forces undoubtedly play a significant role on
such a comet that passes so close to the sun
at perihelion, but such forces cannot be
reliably calculated until good astrometric
observations covering at least three or four
apparitions are available; even then they
probably change with time. The present
calculation indicates how and when an ob-
ject, traveling in the given 1986 orbit,
would encounter significant planetary per-
turbations and would give some insight into
the time evolution of the orbital elements.
The starting orbit is now fairly good, with
73 observations covering the period from
13 May 1986 to 6 April 1989 [mean residu-
al, 0.9" (7)].

Accurate orbital elements for 1986 are
shown in Table 1. During the integrated

Table 1. Orbital elements of P/Machholz, epoch
1986 May 10.0 ET (ephemeris time). Listed
below are the following oribtal elements: time of
perihelion, T eccentricity, e; perihelion distance,
g; semimajor axis, a; argument of perihelion, w;
longitude of the ascending node, (; inclination, i
[w, ©, and i are given for equinox 1950.0]; mean
daily motion, n° and orbital period, P.

Orbital

element Value
T 1986 April 23.51656 ET
e 0.9580123
q 0.1267741 AU
a 3.0193180 AU
o 14.52644°
Q 93.80578
i 59.98918
n° 0.18786280
P 5.246 years
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Fig. 2. Inclination of P/Machholz as a function of
time, given in years A.D.

interval of 548 years (1712 to 2260), no
approach to Jupiter of <0.66 AU occurred.
Four rather insignificant approaches (to
within 0.1 AU) were found for Mercury
(0.044 AU in 1722 and 0.056 AU in 1743),
Venus (0.083 AU in 2250), and Earth
(0.07 AU in 2229). We thus performed an
extended integration to explore Jupiter’s in-
fluence on the orbit of P/Machholz (8). The
elliptic restricted three-body problem (sun-
Jupiter-comet) was taken as the dynamical
model (9), the integration interval being
~2000 years backward and forward. Be-
cause of its high inclination, P/Machholz
differs from the Jupiter family of comets,
and by virtue of its Tisserand parameter
(J = 1.94) it is more akin to short-period
comets with P > 20 years (10), as far as its
interactions with Jupiter are concerned. This
means that encounters with the planet occur
at high relative velocities, and, for a single
such encounter to be efficient in changing
the cometary orbit, it has to be very close.
For a high-inclination orbit, such events can
only occur when either of the nodes (that is,
ecliptic plane crossings) is situated close to
Jupiter’s mean distance from the sun.

It was therefore a surprise to see that,
even in the absence of close encounters with
Jupiter over 2000 years (minimum dis-
tances, ~0.5 to 0.6 AU), a major variation
of the cometary orbit occurs. The Jovian
perturbations occurring in the course of one
orbital revolution are always weak, but they
act in concert to produce a major exchange
of angular momentum over a time scale of
~2000 years. Figures 1 and 2 illustrate how
perihelion distance and inclination for this
comet change over time. The angular mo-
mentum component perpendicular to the
ecliptic is nearly conserved, as expected for
this dynamical problem (11), but the in-
plane component shows a drastic variation
such that the perihelion point of P/Mach-
holz appears to oscillate between Earth’s
orbit (1.0 AU) and the solar corona
(~0.005 AU outward). The minimum peri-
helion distance is ~0.03 AU and occurs in
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the 25th century; for comparison, ¢ for
Mercury is 0.31 AU. In connection with
this, the inclination temporarily attains a
value typical of the Jupiter family.

Figure 3 shows the evolution of the argu-
ment of perihelion (w); a value near 0° or
180° means that the perihelion and aphelion
points are situated near the ecliptic plane.
Remarkably enough, w varies monotonically
but extremely slowly when near zero, so that
the comet spends extended periods of time
in an orbit with nearly 80° inclination,
whose perihelion and aphelion points are
near the orbits of Earth and Jupiter, respec-
tively. The mean motion is quasi-stable, but
interestingly the comet is close to the influ-
ential 2/1 resonance (the comet makes two
revolutions in the same time that Jupiter
makes one).

Figures 1, 2, and 3 suggest that the
transfer of angular momentum is periodic
and coupled to the variation of w. Similar
behavior was found by Froeschlé and Scholl
(12) for fictitious high-inclination objects
near the 2/1 resonance in connection with o
librations, so tentatively the mechanism op-
erating on P/Machholz may be the same.
Cometary orbital evolutions are generally
chaotic as a result of close encounters with
Jupiter (10), and the one shown in Figs. 1,
2, and 3 might well turn out to be chaotic,
as well, if a longer time scale were consid-
ered, but this is as yet the single most
dramatic orbital transformation of a comet
found to occur in a quasi-regular pattern.
The stability of the semimajor axis (Fig. 4)
bears evidence of this and demonstrates that
the comet keeps circulating on the inner side
of the nearby 2/1 resonance during the
whole integration interval. The longitude of
perihelion stays near 100° all the time, so the
longitude of the ascending node ({2) varies
approximately according to the scale indicat-
ed to the right in Fig. 3. We caution the
reader that a simplified dynamical model has
been used, where the nongravitational force
was necessarily neglected. However, even if
the actual comet might not follow in detail
the evolution computed here, we certainly
have a strong indication of a very peculiar
dynamical behavior.

There has been much recent study con-
cerning the evolution of cometary orbits as
they are changed by planetary gravitational
perturbations and by nongravitational forces
(13). Investigators have speculated about
the changes occurring in the materials of the
cometary nucleus due to solar radiation ef-
fects received as a result of the comet’s
orbital motion (14). Over a period of repeat-
ed close approaches to the sun, those short-
period comets that are not thrown out far-
ther by planetary perturbations will eventu-
ally either disintegrate completely or evolve
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Fig. 3. Argument of perihelion (w) as a function
of time, given in years A.D. The actual variation
of Q differs from the one shown here by 10° at
most, corresponding to the maximum variation of
the perihelion longitude @ = w + Q.
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Fig. 5. CCD image of P/Machholz obtained on
1986 July 5.23 UT (360-s exposure with Gunn r
filter; sec z = 1.16).

into inactive asteroidal-like objects as their
volatile surface ices are depleted. Indeed,
some asteroids are in unusual comet-like
orbits (that is, high eccentricity), and a
couple of short-period comets exhibit very
little coma activity (implying that their nu-
clei are nearing an asteroid-like state). Aster-
oid (3200) Phaethon was the previous
short-period record holder for perihelion
distance; this unusual object, discovered in
1983, also travels in a comet-like orbit and is
apparently connected with the Geminid me-
teor stream, traveling in essentially the same
orbit (meteor streams have long been associ-
ated with comets). Indeed, it has been noted
that P/Machholz may be related to the Qua-
drantid meteor stream (15), in particular
since there is very good agreement of the
longitudes of perihelia, and orbital evolu-
tions like that of P/Machholz have been
found for some Quadrantid meteors (16).
There is a discrepancy in the nodes of
P/Machholz and the Quadrantids, being
nearly 180° apart, but the node of the comet
appears to shift periodically between two
opposite longitudes (Fig. 3). Further com-
putations may reveal whether meteor parti-
cles can get out of phase with the comet in
such shifts.

Since P/Machholz was already 3 weeks
past perihelion when it was discovered in
1986, it gradually faded from total visual
magnitude (m;) 10 to 11 in mid-May to m,
~13 by late June. Photography and charge-
coupled device (CCD) imaging indicate that
the comet continued to fade to m; ~19.5 by
carly September, when it was last detected.
Some 40 visual m, estimates of P/Machholz
1986 VIII made by ten observers have been
published in the International Comet Quarterly
(17). The total visual magnitude of a comet
represents the total integrated brightness of
the visible coma and is a good indication of
cometary activity (18); a representative pow-
er-law formula is

m =13.0+5log A+ 12logr (1)

where A and r are the comet’s geocentric and
heliocentric distances, respectively. Equa-
tion 1 provides a fairly good fit for postperi-
helion observations in the range 0.66
AU < r < 2.48 AU. (Use caution when ap-
plying this equation to preperihelion obser-
vations in 1991, since comets typically have
asymmetric light curves with respect to peri-
helion.)

The comet displayed a faint, tenuous
coma (diameter up to 4’ to 5') with a fairly
strong central condensation in May and
June 1986, and short tails, pointing both
toward and away from the sun, were noted
by observers (17). Short-focus telescopes
revealed a much larger coma than did long-
focus instruments.
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CCD images of P/Machholz were ob-
tained (by A.C.P.) with the 1.5-m (60-inch)
reflector at Palomar Observatory (19) on 5,
6, 7, and 8 July 1986 UT, when the comet
was at A = 0.8 AU and r = 1.7 AU. Images
were taken in the Thuan-Gunn r passband
(20) on all four nights, and in the g, i, and z
bands of that system on some of the other
nights. The series of ¢ and r pictures show a
strong evolution in the compactness of the
comet. A strong central condensation
(“false” nucleus) was visible on all four
nights. On 5 July, it was surrounded by a
large, faint, elliptical coma, which filled
most of the field of view, and there was a
distinct fan-shaped tail extending to the
northeast (Fig. 5). The opening angle of the
tail is close to 60° with a relatively sharp
edge in position angle 11°. A faint jet was
also visible extending southward. On 6 July,
the coma and tail were still visible but were
noticeably fainter and featureless. On 7 July,
only a faint, stubby tail was left, and the
images taken on 8 July were nearly stellar.
On 5 July, a relatively sharp boundary be-
tween the nucleus and coma occurred 6"
from the center of the comet, 3 mag/arc sec?
below the central surface brightness. On 6
July, the onset of the coma occurred 4
mag/arc sec? below and 5" from the nucleus.
No surface brightness profile was measured
for 7 July, because the comet was super-
posed on a bright star. On 8 July, the comet
was almost completely stellar. The coma
appeared 4.5 mag/arc sec” below the central
surface brightness, a level that is reached at a
radius of only 3". -

It is thus clear that a significant change in
the morphology of the comet took place
between 5 and 8 July. The shrinkage of its
nucleus and the fading of its coma indicate
that outgassing from the nucleus either
stopped or was drastically reduced shortly
before the pictures were taken. The ob-
served shallowness of the surface brightness
profile is consistent with this hypothesis, for
it could be a consequence of the depletion of
the denser inner regions of the coma before
its outskirts. The quality of the images is not
good enough to permit us to date the
turnoff, but it probably did not occur much
before 3 July.

Large reflectors can detect P/Machholz
throughout its orbit, as proven by the recent
observations that were made while the com-
et was relatively near aphelion in early De-
cember 1988. On 6.3 April 1989 UT,
Meech found m, = 22.5 with the 1.5-m
f17.5 reflector (+ Mould R filter + CCD) at
Cerro Tololo Interamerican Observatory.
Further observations on 3 June 1989 yield-
ed m, = 21.8 (Mould R). The 1988-1989
measurements of P/Machholz (when its ap-
pearance was stellar) (21) suggest the fol-
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lowing “nuclear” magnitude formula:
my=145+5logA+5logr (2)

This is not much more than one magnitude
fainter than the P/Halley nucleus, a finding
that contrasts sharply with the very faint
total magnitude from Eq. 1. Thus we have a
clear indication that the nucleus of P/Mach-
holz is in a state of very low activity, outgas-
sing from less than 1% of the surface (22).

Why was P/Machholz not discovered be-
fore 1986? Once every several revolutions or
so, the comet comes within ~0.5 AU of
Earth, as it did in June 1986 (A = 0.40
AU), May-June 1965, and May—June 1944.
We calculated ephemerides for each return
of P/Machholz to perihelion from 1928 to
1981, using Eq. 1 as a guide to the comet’s
brightness. This reveals that the comet is
usually at very small solar elongations (<30°
to 40°) when it is brighter than m; ~ 11 and
that it is not usually brighter than m; ~ 17
when near opposition. Also, before perihe-
lion P/Machholz is very far south (declina-
tion usually < —40° for elongation >40°),
precluding potential for discovery from the
Northern Hemisphere (where there have
always been many more observers). Observ-
ers with large-field (for example, Schmidt
telescopes and astrographs) photographs
going to limiting stellar magnitude 19 or
fainter are urged to check whether plates are
available covering the following coordinates
(right ascension, a, and declination, 3, given
for equinox 1950.0) and times, which are
near the comet’s perihelia: May—June 1981
(@ ~ 19" &~ —12°, June-July 1975
(a ~23" 8 ~ —60° to —70°), June-July
1965 (o ~ 19" to 16", & ~ +25° to —5°),
June-July 1954 (a ~ 23" &~ —60° to
—70°), and June-July 1944 (a = 18" to
16", & = +50° to +5°). If such plates are
available, the first author (D.W.E.G.) can
supply better search ephemerides. A search
by R. H. McNaught of Schmidt plates at
Siding Spring Observatory has yielded
nothing.

Some researchers have found that obser-
vations of comets previously recorded as
minor planets were, in fact, prediscovery
observations of short-period comets (23).
With this in mind, Green (3) searched for
such possible observations back to the turn
of the 20th century, with no success.

Comets do occasionally break apart, some
apparently reaching extinction (14). It is
unknown how P/Machholz will “perform”
as it gradually “spirals” toward the sun, but
it is thus far a unique object among known
comets. For this reason, astronomers should
give the highest priority to observations of
P/Machholz around the time of perihelion
in 1991 and at subsequent apparitions. Of
particular use will be observations yielding

accurate astrometry (for improvement of the
orbit), IV photometry, spectrophotometry,
and spectroscopy.

The comet will be within 30° elongation
from the sun during the period from 10 July
to 5 August 1991 (time of perihelion = 22
July 1991). For a month or so before that,
Southern Hemisphere observers may be able
to follow the comet while it is around
m; = 11 to 13; for a month or so after 5
August, Northern Hemisphere observers
should have a similar opportunity.
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Interparticle Collisions Driven by Ultrasound

STEPHEN J. DokryCcz AND KENNETH S. SUSLICK*

Ultrasound has become an important synthetic tool in liquid-solid chemical reactions,
but the origins of the observed enhancements remained unknown. The effects of high-
intensity ultrasound on solid-liquid slurries were examined. Turbulent flow and shock
waves produced by acoustic cavitation were found to drive metal particles together at
sufficiently high velocities to induce melting upon collision. A series of transition-
metal powders were used to probe the maximum temperatures and speeds reached
during such interparticle collisions. Metal particles that were irradiated in hydrocar-
bon liquids with ultrasound underwent collisions at roughly half the speed of sound
and generated localized effective temperatures between 2600°C and 3400°C at the
point of impact for particles with an average diameter of ~10 pm.

HE CHEMICAL EFFECTS OF HIGH-
intensity ultrasound result primarily
from acoustic cavitation: the forma-
tion, growth, and implosive collapse of bub-
bles in liquids (7-5). In heterogeneous, sol-
id-liquid reactions, ultrasound has increased
the reactivity of metal powders by as much
as 100,000-fold (6). Ultrasound has become
an important tool in chemical synthesis in-
volving mixed-phase reactions (1-3, 7-9).
Studies on the effect of ultrasound on metal
powders have shown dramatic changes in
particle morphology, substantial agglomera-
tion of powders, and significant reduction
of passivating surface oxide coatings (6, 10~
15). Still the origins of the dramatic en-
hancements observed with heterogeneous
sonochemistry have remained unclear.
Acoustic cavitation in liquids generates
implosive bubble collapse and associated
shock waves. Bubble collapse near an ex-
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tended surface can also produce localized,
high-speed jets of liquid that impinge on the
surface (16-19). Fine powders, however, are
too small to perturb the ultrasonic field. At
20 kHz, for example, simple calculations
indicate that the collapsing bubble will have
a diameter of ~150 wm (1, 19); solid parti-
cles smaller than this size cannot cause mi-
crojet formation. In the presence of small
particles, however, normal cavitational col-
lapse will still occur.

The shock waves so generated can cause
small particles to collide into one another
with great force, producing interparticle
melting, as illustrated in Fig. 1 for a Zn
powder with an average diameter of 5 pm.
The two Zn particles, originally separate
spheres, are fused together after impact. The
formation of a neck of Zn metal joining the
two particles can be seen in the scanning
electron micrograph. We believe that this
neck originates from the rapid cooling of the
effectively molten collision zone as the col-
liding particles rebound immediately after
impact.

The Sn [<44 um average diameter, mp

(melting point) 232°C] and Fe (5 pm aver-
age diameter, mp 1535°C) particles were
ultrasonically irradiated for 30 min in dec-
ane, which resulted in fusion of the different
metal particles (Fig. 2). As in the case of the
Zn particles, a melted neck joins the two
particles. A scanning Auger electron spec-
troscopy dot map of elemental Sn shows
that the Sn particle and the melted neck area
to be made mainly of Sn, as expected from
the relative melting points of the metals.

In order to determine roughly the maxi-

Fig. 1. Scanning electron micrograph of 5-um
average diameter Zn powder. Neck formation
from localized melting is caused by high-velocity
collisions. The metal powders (Mallinckrodt)
were irradiated 30 min at 15°C in freshly distilled
decane (17 ml, ~20% by weight) under Ar, with
direct-immersion ultrasonic horn (Heat Systems)
at 20 kHz and 50 W/cm?. The slurry was then
filtered, washed with pentane, and dried under
vacuum at ~75°C for 24 hours. Scanning electron
micrographs were taken on a Hitachi S-800 at 20-
kV accelerating voltage.
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