sediment (although the organisms in this
experiment were in sediment equal to 12
percent of the original amount) respire at
a higher rate than those in natural sedi-
ment, especially when densely packed
together (8). Their true undisturbed aero-
bic respiration is probably closer to half
the rate shown in this experiment.

The amount of heat produced and rate
of heat production by sediments are
clearly insignificant in the total heat bud-
get of the mud flat; that is, in comparison
with the daily solar heating, nighttime
cooling, and tidal heat transport. The
heat itself is of no apparent ecological
consequence. It is our eventual under-
standing of the processes that generate
this heat that is important in ecology.

MARrIO M. PAMATMAT
Tiburon Center for Environmental
Studies, San Francisco State
University, Tiburon, California 94920

Visibility of Comet Nuclei
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Abstract. Photography of the nucleus of comet Halley is the goal of several
planned space missions. The nucleus of a comet is surrounded by a cloud of dust
particles. If this cloud is optically thick, it will prevent observation of the nuclear
surface. Broadband photometry of nine comets has been analyzed to determine the
visibility of their nuclei. Only in the case of comet West near perihelion was the dust
dense enough to interfere with imaging. Comparison of the visual brightness of the
well-observed comets with that of Halley in 1910 leads to the conclusion that the
nucleus of Halley can be imaged without significant obscuration by the dust.

A number of international efforts are
in the planning stage for the study of
comet Halley, which is expected to
reach perihelion in February 1986. Space
missions could carry cameras close
enough to photograph the nucleus of this
comet. However, it is not clear that the
dust coma will be optically thin enough
to reveal the nucleus. Direct observation
of the nucleus is important since it can
distinguish between the generally ac-
cepted view that the nucleus of a comet
is a mixture of ices and dust, as originally
suggested by Whipple (1), and a minority
view espoused by Lyttleton (2), that
there is no nucleus, only a swarm of
particles. In the Whipple model the gas
produced by the sublimation of ices car-
ries the dust grains away from the nucle-
us to produce the coma and dust tail. The
sublimation of cometary ice is not likely
to be uniform over the surface, and
spacecraft imagery may reveal active
areas or ‘‘jets’’ that are responsible for
the nongravitational forces on comets
(3). It is shown here that broadband
infrared and visual observations can be
used to obtain useful estimates of the
optical depth r of the dust shell without
extensive modeling of the dust or coma.
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Broadband observations over the
wavelength, A, range from 0.5 to 18 pm
have been obtained for nine comets dur-
ing the last decade. These data may be
used to calculate the optical depth of the
dust in the comae of these comets. Con-
sider the case of comet West. Figure 1
shows the power distribution for comet
West on 24.8 February 1976. The short-
wavelength radiation is primarily scat-
tered sunlight, and the long-wave radia-
tion is thermal radiation from the dust
grains. The short-wave data are fit by a
6000 K blackbody appropriate for the
scattered sunlight; the long-wave data
can be represented by a 880 K blackbody
with a superimposed silicate excess.
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Fig. 1. Observed power distribution of comet
West on 24.8 February 1976.

This 10-pm excess is due to the presence
of small silicate grains of radius approxi-
mately 1 wm (4). In Fig. 1 log \F) is
plotted against log A. For a blackbody on
such a plot, the power flux is given by
F = 1.36 AF))max W/cm?. In the case of
comet West, the energy received in the
visual is 2.58 x 107! W/em? and in the
infrared is 5.44 x 1072 W/cm?®. The ra-
tio of the energy in the visual to that in
the infrared is 0.47, and the albedo at this
scattering angle is 0.47/1.47 = 0.32. The
comet dust shows strong forward scat-
tering and the bolometri¢ Bond albedo for
comet West is between 0.3 and 0.5 (5).

The long-wave thermal emission is
from small grains, for which the infrared
emission efficiency is proportional to
their radius. As a consequence, the infra-
red luminosity depends on the mass of
the grains in the observed geometry and
is independent of particle size. The rela-
tion between emission efficiency, grain
radius, and temperature depends on the
optical properties of the grain material.
An expression for the total observed
grain mass has been derived (6) and is
given by

2

M =17 x10* ————————O‘FA);f" = (1)
where (AF))max 1S the infrared value in
watts per square centimeter, A is the
earth-comet distance in astronomical
units (1 AU = 1.5 x 10® km), and T is
the grain temperature in kelvins. Using
T=880 K, WF max =4 X 10712 W/
cm?; and A = 0.85 AU leads to a mass of
9.6 X 10!! g, The mass loss rate may be
obtained by dividing the mass by the
residence time, or the time for a dust
grain to travel a linear distance deter-
mined by the angular radius of the ob-
serving diaphragm, which is 10 arc sec-
onds in this case. The velocity of the
dust leaving the nucleus is approximate-
ly sonic in the gas, or about 0.5 km/sec
(7). The residence time is therefore ap-
proximately 10* seconds and the mass
loss rate 7 x 107 g/sec. The optical depth
produced by the outflowing dust can be
estimated from detailed models, which
must make assumptions about the grain
size distribution and the optical proper-
ties of the dust.

There is, however, a more direct ap-
proach to determining the optical depth.
It has been demonstrated by observa-
tions with diaphragms of radius 5 arc
seconds to 1 arc minute that the value of
(AF\)max IS proportional to diaphragm
radius (8-10). This is expected for dust
that leaves the nucleus at a fixed velocity
and subsequently satisfies the continuity
equation (the dust flows freely with no
creation or annihilation of the grains).
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Table 1. Properties of the dust comae of comets West and Kohoutek.

¥ A ()\Fx)max Tempera' 3 eBB ecrit Rcrit

Comet Date (AU)  (AU) (W/em?) ture (K) (arc sec)  (arc sec) (arc sec) (km)
West 24.8 February 1976 0.20 0.85 4 x 10712 880 10 0.261 6.8 x 1073 430
West 21.6 March 1976 0.81 1.05 2.2 % 107 370 10 0.109 12x 107 0.95
Kohoutek  28.1 January 1974 0.15 1.09 1.5 x 1072 1000 13 0.124 1.2 x 1073 0.98
Kohoutek  29.7 December 1973 0.95 0.93 1 x 10715 360 13 0.025 5 x 1075 0.035

For any observing diaphragm the aver-
age optical depth is the ratio of the solid
angle of the diaphragm to the solid angle
of a blackbody, 6gg, that would supply
the same flux. The angular radius of the
blackbody in arc seconds can be shown
to be

01] ()\F)\)maxv2
T2

For our case of comet West (Fig. 1), the
blackbody angular radius is 0.26 arc sec-
ond and 7 = (0.26/10)> = 7 x 107 It is
therefore optically thin in the observing
diaphragm. We can calculate the angular
size at which 7 becomes unity since
(AF\)max is proportional to the radius of
the observing diaphragm. The construc-
tion is shown in Fig. 2 and * = 1 would
be reached at 7 x 1073 arc second. In
this example 7 = 1 occurs at a linear
radius of 4.3 km. The nucleus of comet
West would be just visible through the
dust if the radius were about 4 km,

The example above is an extreme
case. West was a dusty comet and we
chose an observation near perihelion at a
heliocentric distance, r, of 0.2 AU. We

g = 1.01 X 1 (2)

can estimate 7 as a function of r since
dust production rate varies approximate-
ly as 1//* (6). Table 1 shows the result of
the optical depth calculation for two well-
observed comets, West and Kohoutek,
near perihelion and near 1 AU. Here r
and A are the comet-sun and comet-earth
distances in astronomical units, 8 is the
angular radius of the observing dia-
phragm, (AFy)max is the infrared power
per unit area in watts per square centi-
meter, Opp is defined by Eq. 2, and 6.,
and R are the corresponding angular
and linear radii at + = 1. The equation
relating the quantities is

(0p5)°
Ocriy = _Bai'

The last column of Table 1 shows that
only in the case of West at perihelion
was the dust shell dense enough to inter-
fere with imaging the nucleus.

This analysis can be applied to the
case of comet Halley, which is expected
to be much like comet West (/) in dust
production and to have a nuclear radius
of 5 to 15 km (12). Its perihelion distance
is 0.6 AU. During the time the comet is

3
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Fig. 2. Plot of (A\F,)max versus angular radius and linear radius at the comet for comet West near

perihelion.
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at a heliocentric distance less than 1 AU,
its geocentric distance will be between
0.8 and 1 AU. A nucleus 10 km in radius
viewed from the earth would have an
angular diameter of 0.03 arc second, too
small to be photographed even with
space telescopes. /
We conclude that the critical radius at
which the optical depth of the dust coma
of a comet becomes unity can be estimat-
ed from infrared observation and can
serve as a useful guide for assessing the
observability of a comet nucleus from a
spacecraft or space telescope. Imagery
of the nucleus of a comet as active as
West is possible at heliocentric distances
down to several tenths of an astronomi-
cal unit. The dust production of comet
Halley is expected to be in the range
defined by West and Kohoutek, and
therefore the nucleus could be imaged
from a spacecraft with little interference
from an opaque dust cloud. For comet
Encke, which has a short period (3.3
years) and a dust production 100 times
less than that of West, the dust interfer-
ence problem would be minimal.
EDWARD P. NEY
Department of Astronomy, University
of Minnesota, Minneapolis 55455
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