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mostly C+ O, which may affect X-ray emission and cooling
properties. O
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Coma formation driven

by carbon monoxide
release from comet
Schwassmann-Wachmann 1
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DISTANT comets are sometimes observed to undergo outbursts of
activity that generate a surrounding coma, but the cause of this
activity is not known'?. Whereas such outbursts in near-Sun
comets are driven by the sublimation of water ice’, distant comets
are too cold for this process to operate. The most plausible mechan-
isms involve the release of trapped gases from ice heated by an
exothermic phase transition from an amorphous to a crystalline
state®™, or the sublimation of very volatile ices such as molecular
nitrogen and carbon monoxide’®. Here we report the detection of
emission from carbon monoxide at submillimetre wavelengths from
a distant comet, the periodic comet Schwassmann-Wachmann 1.
The inferred rate of CO production is sufficient to generate the
observed coma. These results provide the first direct evidence that
sublimation of volatiles can drive the activity of distant comets.
Periodic comet Schwassmann Wachmann 1| (SWI1) lies
beyond Jupiter in a nearly circular orbit with a semimajor axis
of 6.03 Au and a period of 14.8 yr. Its perihelion and aphelion
are at 5.77 and 6.28 au, respectively. The comet is famous both
for its episodic outbursts of dust'™"" and for its transient optical
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emission lines of singly ionized carbon monoxide'>'’. Optical
photometry shows that SW1 is active throughout its orbit'* and
displays a persistent dust coma when observed with modern
imaging detectors (Fig. 1).

Carbon monoxide J(2-1) emission was detected from SW1
with the 15-m James Clerk Maxwell Telescope (JCMT) atop
Mauna Kea, Hawaii on 22 October, 11 and 12 November 1993
UT (ref. 15). On all three dates the line appeared near the antici-
pated geocentric velocity of the comet (Fig. 2 and Table 1) but
blue-shifted by ~0.4 km s™'. Astrometry with the University of
Hawaii 2.2-m telescope showed SW1 to be within 2 arcsec of its
ephemeris position. The pointing accuracy of the JCMT is better
than 2 arcsec (r.m.s.) and the tracking better than 1 arcsec over
periods of ~1 h. At 230 GHz, the beam diameter is ~21 arcsec
full width at half maximum'® (FWHM), corresponding to
9 x 10* km at SWI on 22 October (see Fig. 1).

The blue shift of the CO line on each date is evidence for
sublimation of CO near the subsolar point of the illuminated
hemisphere, which produces a jet of gas and dust approximately
towards the Sun. The velocity of the jet has a component pro-
jected along our line of sight equal to the observed blue shift of
0.4 km s~ '. The exact orientation of the jet cannot be determined
from our observations. We adopt a velocity component of
0.28 km s~ ' normal to our line of sight as a reasonable estimate.
The normal component of the jet velocity is used below to calcu-
late the beam-crossing time for the CO molecules. Our value of
0.4kms~' agrees well with the 0.5kms ' blue-shifted
CO J(2-1) emission reported by Lellouch ez al."”.

The observed line width for 22 October (our longest integra-
tion) is 0.7+0.1 kms™' (FWHM). However, the A2 receiver
used for our observations has a large (>0.45 km s~ ') and uncer-
tain instrumental width, due to instabilities in the receiver lock
loop'. The JCMT data therefore provide only a crude upper
limit to the intrinsic width of the CO line. A subsequent observa-
tion with the 10.4-m Caltech Submillimeter Obsecrvatory (CSO)
on 13 May 1994 ut showed a deconvolved line of FWHM
0.20 £ 0.06 km s~'. The half-width of 0.10£0.03 km s™' provides
a measure of the thermal velocity of the escaping CO. This is
compatible with the 0.12km s™' thermal velocity expected for
freely subliming CO at 6 Au. This half-width is of the same order
as the dust coma expansion velocity of 0.2 km s~' measured dur-
ing outburst by Jewitt'*, and the Bobrovnikoff expansion
velocity of 0.18 km s™' (ref. 10) appropriate for the heliocentric
distance at the time of observation (Table 1).

Production rates of CO (dM/d¢) derived from our detections
depend on the physical conditions prevailing in the coma. As
we have obscrved only the J(2-1) line, the accuracy of our esti-
mate for dM/dr is limited by our lack of knowledge of the
CO rotational level populations. Both fluorescence and thermal
excitation are potentially important'®*°. The aperture-crossing
time for gas at 0.28 kms™' is 7,~1.6x 10°s, whereas the time
to reach fluorescence equilibrium at 6 Au is 1; ~10%s (ref. 21).
Therefore, we expect that the true rate of CO production is
between the fluorescence and thermal limits. An additional
uncertainty results from the possible release of CO from coma
grains, as was reported in comet Halley™.

To bracket the likely production rates, we consider both
fluorescence and thermal excitation of CO when applied to the
line arca of 0.08+0.01 K kms™' (Table 1: 22 October). Fluor-
escence equilibrium is established when the rate of photoexcita-
tion of the first vibrational level of CO by 4.7-um wavelength
infrared photons balances the rate of spontaneous decays to
lower-lying levels of the CO molecule. Under these conditions,
the fractional population of cach rotational level in the ground
vibrational state is constant. For CO in SW1, ~28% of the mol-
ecules are in the J=2 rotational level of the ground vibrational
state if fluorescence equilibrium prevails. The corresponding
(temperature-independent) lower limit to the CO production
rate is 1,500 kg s ' (3.1 x 10* molecules per second).
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FIG. 1 Chargecoupled device Iimage of comet
Schwassmann-Wachmann 1, taken with the University of
Hawaii 2.2-m telescope on 12 November 1993 at 12:20 urT.
This 100-s integration through a broadband red filter (cen-
tral wavelength, 6,475 A; FWHM, 900 A) shows the extent
and distribution of the dust coma. The circle denotes the
21-arcsec diameter JCMT beam. North is to the top, east
to the right in this Figure.

In thermal equilibrium, the Boltzmann equation allows us
to calculate the fractional level populations for a given kinetic
temperature. For our purposes, the rates of collisionally induced
transitions into and out of any particular level are then equal.
The temperature of a freely sublimating CO surface at 6 AU is
~26 K. We consider CO gas at 20 and 80 K to illustrate the
sensitivity of the mass production rate to the adopted tempera-
ture. At 20 K, we find a fractional population in the J=2 level
of the ground vibrational state of 29% and a CO production
rate of 1,400 kg s~' (3.0 x 10°® molecules s™'). At 80 K, the corre-
sponding quantities are 14% and 2,900 kg s~ (6.2 x 10*® mol-
ecules s~ ), respectively.

As a compromise between these extremes, we adopt a CO
production rate of ~2,000 kg s' (4.3 x 10°® molecules s '), while
recognizing that it is uncertain by a factor of the order of 2.
This value for dM/dt agrees with the limit dM/d¢>470kgs™"
(10*® molecules s™'), inferred”® from observations of the CO™
ion tail of SW1. On 12 November (Fig. 1), the integrated red
magnitude of the dust coma within a circle 10 arcsec in radius
centred on the comet was 15.02+0.05. From comparison with
published photometry'* we conclude that SW1 was in a quiescent
activity state, with no evidence for a recent outburst.

A steady dust production rate of ~10kgs™' in micrometre-
sized dust particles was deduced for SW1 from broadband
photometry'®, whereas independent models of the dust coma
isophotes give 300-900 kgs~' (ref. 24). The dust production
could be even greater if large (millimetre- to centimetre-sized)
particles are abundant. Such particles are suggested by the detec-
tion of a dust trail by IRAS*. But our CO production rate
exceeds even the larger estimates of dust production, showing
that CO can drive the optically dominant dust coma.

The asymmetric dust coma (Fig. 1) indicates local sites of
CO sublimation rather than uniform activity. We estimate the
percentage of active surface area on SW1 by considering the

range of possible values for the latent heat of sublimation Lco
of CO under different circumstances of association with water
ice. Pure CO has Lco=3%10"J kg™ (ref. 26). Carbon mon-
oxide adsorbed on water ice has Loo=1(3.9-5.2)x10° J kg™,
whereas larger values of (1.1-1.7) x 10°J kg™' apply to CO
trapped in water ice”’. The total sublimating area (in m®) is given
by

_ dM/dtR’Lco
FSun(l - A)

where dM/dt=2,000 kg s' is the observed CO production rate,
R=6.08 AU is the heliocentric distance, Fg.,=1,360 Wm 2 is
the solar flux at 1 Au, and 4 =0.15 is the adopted Bond albedo™®.
Using the range for Lco given above, we find that g, varies from
a minimum of 1.9 x 10’ m” (equivalent circular radius 2.5 km)
for pure CO to a maximum of 1.1 x 10® m? (equivalent circular
radius 5.9 km) for CO trapped within water ice. These corre-
spond to active surface area percentages of 0.33% and 2.2%,
respectively, assuming a spherical nucleus of 20 km radius®®
(smaller radii have been recently suggested®®). These estimates
are very similar to the fractional active areas measured for other
comets™,

We derive a crude estimate for the maximum timescale of
surface vent activity, before self-shadowing or collapse of the
vent walls reduces sublimation®'. This time is reached when the
depth of the vent approximately equals its radius. For a cylin-
drical vent, the self-shadowing time is

s

nprs
TR
dM/dt
where r, is the vent radius, p is the density of the cometary dust-

ice mixture and dM/dz is the total mass loss rate. Substituting
p=10kgm >, r,=59 km (the largest possible value for CO

TABLE 1 Observational circumstances and results

Date R A a
(uT, 1993) (Au) (aU) (degrees)
Oct 22.67 6.075 5.905 -9.39
Nov 11.53 6.077 5.581 -8.52
Nov 12.53 6.077 5.589 —8.45

t Ve Vo T dv
(s) (kms™™ (kms™ (Kkms™)
9,180 -27.21 —27.62+0.05 0.08+0.01
3,000 —~24.85 —-25.25+0.06 0.09+0.01
1,800 —24.64 —25.03+0.04 0.05+0.01

Abbreviations used: R, Sun—comet distance (1 au=1.5x 10" m); A, Earth—comet distance; o, Sun—comet-Earth angle; t, integration time;
Vg, expected geocentric radial velocity; Vo, observed geocentric radial velocity; Ta-dv, line area (T, is antenna temperature, dv is incremental line

width in kms™).
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FIG. 2 JCMT observations of CO J(2-1) emission from Schwassmann-
Wachmann 1 (SW1). The CO J(2-1) rotational transition at 230 GHz was
observed using the A2 receiver (receiver temperature 7, =95 K, single
sideband), and the digital autocorrelation spectrometer (125 MHz total
bandwidth at a resolution of 95 kHz per channel). Spectral line widths
in the cold comae of distant comets are expected to be <~1 kms*
(0.77 MHz at 230GHz). For an observed system temperature
Tos ~350 K, our 3¢ antenna temperature, TX(r.m.s.), detection limit in
1 h of position-switching integration at 1 km s™* resolution is ~0.046 K,
equivalent to a flux density of ~1.1 Jy, assuming an antenna efficiency
of 24.8 Jy K™* (ref. 16). a, CO J(2-1) emission from SW1 recorded on
22 October 1993. This and the following spectra have been smoothed
to a resolution of ~0.2kms™". The peak antenna temperature is
~0.1 K and the FWHM ~0.7 +0.1 km s * for this strongest detection,
achieved in 9,180 s of position-switching integration time. This trans-
lates into a flux density ~2.8 Jy. The expected geocentric radial velocit-
ies of the CO line for each observation date are indicated by the vertical
lines labelled Vg in the figure panels. The observed CO line radial velocit-
ies for each date are indicated by vertical lines labelled V. b, 3,000-
s integration showing CO J(2-1) emission from SW1 on 1 November
1993. ¢, 1,800-s integration showing CO J(2-1) emission from SW1 on
12 November 1993.

trapped in water ice) and dM/dr~2,000 kgs™', we find that
710" yr, or 700 orbits. For a pure CO patch 7800 yr, or 60
orbits. As on the nucleus of comet Halley>, there are probably
several, smaller vents each with a correspondingly shorter life-
time. For CO trapped in water ice, a 100-m diameter vent has
a lifetime of ~100 yr, still considerably longer than the ~15 yr
orbital period. It thus appears plausible that CO, outgassing
from localized vents, drives the observed persistent dust coma.

In summary, we have detected CO submillimetre emission
from a comet. The CO production rate we infer is sufficient
to produce the observed amounts of dust and CO", the two
outstanding features of optical activity in SW1. Although our
observations do not eliminate other mechanisms, and do not
exclude activity caused by other very volatile gases (such as N,),
this detection provides strong evidence that CO is an important
driver of activity in distant comets. O
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Bubbling in vertically vibrated
granular materials
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GRANULAR materials show both fluid-like and solid-like behaviour.
Under weak shear they deform plastically; under high shear they
flow. These materials exhibit other unusual kinds of behaviour,
including segregation', density waves’, convection® and anomalous
sound propagation®. Their dynamical properties are important in
many industrial applications®”’. In particular, the shaking of
granular materials is used to mix, segregate and transport them.
Vertically shaken granular materials undergo a transition to a
convective state*’*. Here we describe experiments which show that
such convective motion can involve bubbling—the formation and
upward motion of voids. The presence of gas between the grains
is essential for bubbling to occur, and the instability shows charac-
teristics of a Hopf bifurcation such as is seen at the onset of chaos.
This bubbling behaviour may be analogous to that observed in
fluidized beds'>'®, and might be expected to occur when soils are
fluidized during earthquakes.

Granular materials lying on a vertically vibrating surface are
a topic of recent interest®'* for a number of reasons. From the
point of view of granular mechanics, this system incorporates
many aspects of those materials, including the fluid-like and
solid-like phases. The mechanisms leading to convection are still
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