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We report submillimeter continuum observations of five comets 
obtained at the James Clerk Maxwell Telescope on Mauna Kea. 
Two of the five comets (P/Brorsen-Metcalf and Oka- 
zaki-Levy-Rudenko) were detected at 800-~m wavelength, while 
physically significant upper limits were placed on the other three 
(Austin 1989Cl, P/Faye, and Levy 1990c). We compare the JCMT 

• data with millimeter continuum measurements of Comets Austin 
1989ct, IRAS-Araki-Alcock,  and P/Halley from the published 
literature. The submillimeter and millimeter signals are tentatively 
ascribed to thermal emission from porous particles in the coma, 
with total particle masses M ~ 107-10 s kg. Previous explanations 
in terms of ice grain halos and near-nucleus boulder-clouds are less 
plausible, as they require inordinately large particle masses. © 1992 
Academic Press, Inc. 

1. INTRODUCTION 

The cometary nucleus is a kilometer-sized body con- 
sisting of an intimate mixture of refractory matter and 
frozen volatiles. The dominant cometary volatile is water 
ice (Whipple 1950). At heliocentric distances R -< 5 AU, 
heating by the Sun causes the water ice to sublimate and 
expand into the vacuum of interplanetary space. Drag 
forces expel embedded dust into the cometary coma, 
where it may be observed using a variety of ground based 
techniques. Cometary dust gives rise to a continuum of 
scattered radiation at visible and near-infrared wave- 
lengths (0.3 -< h - 5 /xm) and a continuum of thermal 
emission in the infrared. 
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It has long been realized that the thermal continuum 
must extend to radio wavelengths, and that study of the 
radio continuum emission might constrain important 
properties of the cometary dust. For instance, long wave- 
length radiation can be efficiently radiated from large par- 
ticles and so might provide a useful probe of these parti- 
cles. The existence of large particles in comets is known 
from four independent measurements. First, visible mete- 
ors consist of 0.1- to 1-mm-sized debris from active com- 
ets (Williams 1990). Second, radar observations of Com- 
ets IRAS-Araki-Alcock (Goldstein et  al. 1984, Harmon 
et al. 1989) and P/Halley (Campbell et  al. 1989) have 
revealed backscatter from large near-nucleus grains. 
Third, thermal maps from IRAS have revealed dust trails 
in the orbits of many comets (Davies et  al. 1984, Eaton et  
al. 1984, Sykes et  al. 1986). The narrowness of these trails 
suggests large particles with characteristic sizes in the 
millimeter range. Fourth, large particles were detected in 
the coma of Comet P/Halley by impact counters on the 
Giotto spacecraft (McDonnell et  al. 1987). Indeed, the 
premature termination of the Giotto encounter is attrib- 
uted to a collision between the spacecraft and a millimeter- 
sized grain within 103 km of the nucleus (Reinhard 1987). 

There is a long history of attempted observations of the 
cometary radio continuum (see reviews by Gibson and 
Hobbs (1981), Snyder (1982), and Crovisier and Schloerb 
(1991) for brief histories of this subject). A majority of the 
early observations were made at wavelengths h > I cm, 
where the thermal continuum is expected to be very weak, 
and some of the observations utilized inaccurate ephemer- 
ides (c.f. Snyder 1982). Partly for these reasons, most of 
the early observations yielded only upper limits to the 
strength of the radio continuum. In a few cases, large 
but transient signals were reported, namely in Kohoutek 
(1973f) at h = 28 and 37 mm (Hobbs et  al. 1975) and in 
Comet West at h = 37 mm (Hobbs et al. 1977). An icy 
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grain halo model was advanced to account for the tran- 
sient emission (Hobbs e t  al.  1975, Gibson and Hobbs 
1981). However, the model invoked an optically thick halo 
of centimeter-sized grains that is difficult to reconcile with 
our present understanding of comets. 

The purpose of the present paper is to describe an initial 
submillimeter survey of five near-Earth comets made us- 
ing the James Clerk Maxwell Telescope (JCMT) on Mauna 
Kea. The new observations are distinguished from the 
above-mentioned efforts in two respects. First, we ob- 
served at both submillimeter and millimeter (as opposed 
to centimeter) wavelengths. Thermal emission from dust 
is expected to have flux density S~ - h -s, where ~ is 
the wavelength and a -> 2 (a = 2 corresponds to the 
Rayleigh-Jeans blackbody spectrum). Thus, the use of 
shorter wavelengths gives us a strong advantage for the 
detection of a thermal continuum. Second, we have ob- 
tained simultaneous astrometry from optical telescopes 
to verify the cometary ephemerides used at the JCMT. 
Thus, our observations are not susceptible to the ephem- 
eris uncertainties which plagued some of the earlier obser- 
vations (Snyder 1982). 

The first result of our survey, the detection of Comet 
P/Brorsen-Metcalf at 800 ~m, has been separately pub- 
lished (Jewitt and Luu 1990, hereafter JL90). In Section 
2, we describe pertinent details of the submillimeter obser- 
vations. In Section 3, we present results from all five 
comets observed with the JCMT. Finally, in Section 4, 
we interpret the JCMT observations and compare them 
with independent millimeter observations by Altenhoff 
and collaborators (Altenhoff e t  al.  1983, 1986, 1989). 

2. OBSERVATIONS 

The present observations were taken using the James 
Clerk Maxwell Telescope (JCMT) located on Mauna Kea, 
Hawaii. This 15-m-diameter telescope is diffraction- 
limited at wavelengths 0.35 --< h -< 1.3 mm. A significant 
characteristic of the JCMT is its remarkable mechanical 
stability. The telescope can point to an accuracy ---2-3 
arcsec over the whole sky, while offsets from nearby 
objects of known position are accurate generally to about 
- 1 arcsec. Observations are made through a plastic mem- 
brane which acts both as a windshield and as a sunscreen. 
The membrane permits observations of near-Sun comets 
to be made while minimizing the deleterious effects of 
solar heating of the telescope. These advantages substan- 
tially outweigh a - 10% loss in sensitivity due to extinction 
in the membrane. 

All observations described below were taken using a 
single channel, He3-cooled bolometer, UKT14 (Duncan 
e t  al .  1990). In general, we used a 65-mm-diameter circular 
aperture for observations at h = 0.8 mm. This corres- 
ponds to 18 arcsec diameter in the plane of the sky, slightly 

larger than the 14 arcsec diffraction limit at this wave- 
length. The entrance aperture of UKT14 is chopped at 7.8 
Hz to permit sky subtraction. The chop amplitude was 
either 40 or 60 arcsec in azimuth, depending on atmo- 
spheric conditions. In addition, the telescope is periodi- 
cally nodded along the chopping direction to guard against 
possible asymmetries between the sensitivities of the on- 
source and chopped beams. Numerous observations of 
blank fields confirmed the success of the chopping and 
nodding algorithms; such observations always gave net 
signals consistent with zero. Observing efficiency (time 
integrating on-source/total elapsed time) is reduced by the 
need to observe object and sky positions for equal times. 
It is further reduced by mechanical and software over- 
heads in the chop and nod algorithms. The observing 
efficiency was found to be -30% for the present observa- 
tions. 

The maximum sensitivity of the JCMT when used to 
observe a Rayleigh-Jeans spectrum (flux density Sv a 
h -2) occurs near h = 0.8 mm. At shorter wavelengths, 
atmospheric extinction and sky noise reduce the sensitiv- 
ity, while at longer wavelengths the spectrum is intrinsi- 
cally fainter, and the focal plane image is imperfectly 
matched to the bolometer entrance aperture. Therefore, 
a majority of the present observations were taken using a 
broadband filter of effective wavelength h = 0.8 mm and 
fractional width A h / h  ~ 0.25 (Duncan e t  al .  1990). 

Cometary ephemerides were generally obtained using 
a program provided by David Tholen of the Institute for 
Astronomy, based on orbital elements computed by Brian 
Marsden of the Center for Astrophysics. The ephemeris 
positions were refined in real time using optical observa- 
tions from the University of Hawaii 2.2-m telescope or 
from the NASA Infrared Telescope Facility. Positional 
errors of the comets were frequently found to be larger 
than the JCMT beam, so that the optical correction of the 
ephemerides was vital to the success of these observa- 
tions. 

Tracking of the JCMT at cometary rates was achieved 
using a program to linearly interpolate the right ascension 
and declination between given starting and ending posi- 
tions. The interpolation interval was kept at less than 3 
hr; this was small enough to guarantee the validity of the 
linear interpolation to better than 1 arcsec. The interpola- 
tion algorithm was tested repeatedly using bright as- 
teroids. 

The accuracy of submillimeter photometry is limited 
by the properties of the terrestrial atmosphere. The high 
altitude of Mauna Kea leads to exceptionally good submil- 
limeter observing conditions, when compared to condi- 
tions at lower sites. Three atmospheric effects are im- 
portant at submillimeter wavelengths. First, atmospheric 
attenuation or "extinction" is produced primarily by wa- 
ter vapor above the telescope. On a good night, the quan- 
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tity of precipitable water  above the JCMT is -< 1 mm, and 
the resulting extinction at h = 0.8 mm is of  order  10% per 
airmass. The submillimeter extinction is rarely spatially 
uniform, however ,  and pronounced variations in extinc- 
tion are seen both with respect  to azimuth at constant 
elevation and with respect  to time. These spatial and tem- 
poral variations are removed at the telescope by means 
of frequently repeated observations of  flux reference 
sources at small angular distance from the target comet.  
Second,  the brightness of  the submillimeter sky fluctuates 
rapidly in response to atmospheric inhomogeneities in 
the telescope beam. These fluctuations give rise to " sk y  
noise"  over  and above the noise expected from counting 
statistics alone. Third, "anomalous  refract ion" is an an- 
gular excursion of  the image produced by refraction 
through parcels of moist air above the telescope. Its obser- 
vational signature is enhanced nonrandom noise in the 
bolometer  signal, due to the movement  of the image in 
and out of the photometry  beam. As all three effects 
decrease in severi ty with increasing wavelength, we took 
data at 1.1 mm instead of  0.8 mm on poor  nights. 

3. RESULTS 

Comet Okazaki-Levy-Rudenko (1989r) 
Comet  O k a z a k i - L e v y - R u d e n k o  was observed UT 

1989 November  18-20 and 22-24. The primary pointing 
and calibration source was Mars, for which we adopted 
the 0.8-mm flux density S0.8 = 222 Jy (brightness tempera- 
ture TB = 210 K) on each night. The positional offset of  
O - L - R  relative to the ephemeris position was determined 
on UT November  18, 19, and 20 using the TV guider 
camera on the NASA-IRTF,  and JCMT observations on 
these nights were based on the IRTF positions. Subse- 
quent observations were made according to a revised 
ephemeris incorporating the IRTF astrometry,  kindly pro- 
vided by B. Marsden. 

Comet  O - L - R  was found to be a weak but persistent 
source at 800 ~m (Table I). Note  that the nightly means 
are all positive, although 3o- detections are not achieved 
on all nights. The weighted mean flux density from all six 
nights is 21 -+ 4 mJy (a 5o- detection). The reported visual 
magnitude of  the comet  was V - 6 (IAUC 4908). 

Comet P/Brorsen-Metcalf (19890) 

Our observations of  this comet  have been presented in 
full in JL90. Here  we summarize the observations for 
comparison with the other  comets  (see Table II). The 
visual magnitude was V - 6 (IAUC 4851). 

Comet Austin (1989cl) 
Observations were obtained UT 1990 April 25 and 26 at 

800/zm. The primary pointing and flux calibration sources 

TABLE I 
Photometry of Okazaki-Levy-Rudenko 

Comet" UT date b R [AU] c A [AU] d ct [deg] e h [mm] t" S~ [mJy] g 

O - L - R  1989/Nov/18 0.655 0.661 97.3 0.8 39 - 12 
1989/Nov/19 0.660 0.642 98.7 0.8 37 - 20 
1989/Nov/20 0.665 0.624 100.0 0.8 71 -~ 20 
1989/Nov/22 0.678 0.591 102.0 0.8 115 -+ 42 
1989/Nov/23 0.685 0.576 102.8 0.8 11 -+ 7 
1989/Nov/24 0.692 0.563 103.3 0.8 9 - 7 
Mean 0.673 0.610 100.7 0.8 21 -+ 4 

Comet name. 
b UT date of observation. 
c Heliocentric distance [AU]. 
d Geocentric distance [AU]. 
e Phase angle [degrees]. 
/ Wavelength of observation [mm]. 
g Measured flux density [mJy]. 

were Mars (S08 = 619 Jy; T B = 222 K) and Uranus 
(S0. 8 = 85 Jy; T B = 84 K), while CRL 2688 was used 
as an intermediate standard (Sandell 1992). Astrometric  
positions accurate to ---2 arcsec were obtained simultane- 
ously at the NASA-IRTF and passed to the JCMT by 
telephone. Comet  Austin was not detected on either night 
of  observation at 800 p~m. The combined 3o- flux-density 
limit is S0.8 < 37.5 mJy (Table II). The visual magnitude 
of the comet  was V - 5 (IAUC 4999, 5004). 

Comet Levy (1990c) 

Observations were obtained UT 1990 August 2 and 3. 
The primary pointing and calibration source was Mars, 
for which S0. 8 = 1311 Jy (T B = 221 K) and SI. l = 697 Jy 
(TB = 220 K). Corrections to the best available ephemeris 
were made based on simultaneous astrometry from the 
NASA-IRTF on both nights of  observation.  

Within the uncertainties of  observation,  Comet Levy  
was not detected at the JCMT. The 3o- limit to the flux 
density obtained by combining data f rom both nights is 
SI.~ < 13.5 mJy (Table II). The visual magnitude of  the 
comet was V - 6 (IAUC 5070). 

Comet P/Faye (1948h) 

Comet P /Faye  was observed UT 1991 November  19 
and 20. The primary pointing and calibration source was 
Uranus, for  which we used S0.8 = 73.5 Jy (TB = 84 K) 
and $1.1 = 43.4 Jy (TB = 93 K). Neptune  was also ob- 
served, with adopted flux densities S0.8 = 27.5 Jy (T B = 
79 K) and $1.1 = 16.6 Jy (T a = 88 K). Correct ions to the 
best available ephemeris were made based on simultane- 
ous astrometry from the Universi ty of  Hawaii  2.2-m tele- 
scope on both nights of  observation.  

Within the uncertainties of  observat ion,  Comet  Faye 
was not detected at the JCMT. The 30- limit to the flux 
density obtained by combining data f rom both nights is 
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TABLE II 
Other JCMT Photometry  

Comet UT date R [AU] A [AU] a [deg] X [mm] S. [mJy] 

P/Brorsen-Metcalf 1989/Sep/08 0.49 1.05 71.5 0.8 ~24 
1989/Sep/09 0.48 1.07 69.1 0.8 ~40 
1989/Sep/10 0.48 1.10 66.7 0.45 ~515 
1989/Sep/10 0.48 1.10 66.7 0.8 90 ± 18 
1989/Sep/10 0.48 1.10 66.7 1.1 45 ± 13 

Austin 1989cl 

Levy 1990c 

P/Faye 

1990/Apr/25 0.56 0.66 110.3 0.8 2.7 ± 21.8 
1990/Apr/26 0.58 0.64 110.5 0.8 0.2 --+ 15.2 
Mean 0.57 0.65 110.4 0.8 1.0 ± 12.5 

1990/Aug/02 1.68 0.91 31.3 1.1 3.1 --- 6.8 
1990/Aug/03 1.67 0.88 31.0 1.1 3.4 -+ 6.1 
Mean 1.67 0.90 31.2 1.1 3.3 ± 4.5 

1991/Nov/19 1.59 0.66 18.1 1.1 4.0 ± 3.4 
1991/Nov/20 1.59 0.66 18.6 1.1 7.8 --- 3.6 
Mean 1.59 0.66 18.4 1.1 5.8 ± 2.5 

Sl .  1 < 7.5 mJy (Table II). The visual magnitude of the 
comet was V - 9.5 (IAUC 5382, 5407). 

4. DISCUSSION 

In addition to the JCMT observations summarized in 
Tables I and II, we collect other millimeter wavelength 
continuum observations in Table III. These include detec- 
tions of P/Halley at two heliocentric distances and wave- 
lengths by Altenhoff et al. (1986, 1989) and of the near- 
Earth comet, IRAS-Araki-Alcock (Altenhoffet al. 1983). 
We did not include submillimeter observations of the 
large, distant comet 2060 Chiron (Jewitt and Luu 1992), 
since this object has unusual physical properties which 
distinguish it from the other comets in this paper. 

In principle, thermal emission might be detected from 
cometary plasma, from the cometary nucleus, or from 
dust particles in the coma. We consider these sources 
separately. 

4.1. Plasma 

Cometary plasma is generated by photoionization of 
neutral molecules sublimated from the nucleus. The 
plasma emits continuum radiation as a result of free-free 
transitions. The free-free emission coefficent j~ (W m -3 
sr-1 Hz-l )  is (Spitzer 1978) 

j~ = 5.44 × 10 -52gff~iNeNi - h v  

where gff - 1 is the Gaunt factor for free-free transitions, 
Zi is the charge of the ions in units of electrons, Are (m-3) 
is the electron density, N i (m -3) the ion density, Te (K) 
the electron temperature, and the other symbols are as 
previously defined. In the submillimeter region, h u ,~ k 
T~, so that the exponential in Eq. (1) is close to unity. 
The predominant source of electrons in the inner coma is 
H3 O+ (Balsiger et al. 1986). Inside the contact surface of 

TABLE III 
Other Photometry 

Comet UT date R [AU] A [AU] a [deg] ~, [mm] S~ [mJy] Reference 

IRAS-Araki-Alcock 1983/May/ll 1.00 0.031 105 13.0 9.0 --- 0.7 Altenhoff e t  al.  (1983) 

P/Halley 1985/Nov-Dec 1.60 0.63 9 3.5 5.9 - 1.4 Altenhoff et  al.  (1986) 
1985/Nov-Dec 1.60 0.63 9 1.3 52 --- 15 Altenhoff et  al.  (1986) 
1986/Mar 1.13 0.59 62 1.2 52 ± 5 Altenhoff et  al.  (1989) 

Austin 1989ci 1990/Mar/16 0.74 1.46 38 1.2 13 -+ 3 Altenhoff e t  al.  (1990) 
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radius r 0, the H3 O+ number  density varies with radial 
distance from the nucleus approximately as N i = Ne = 
No (ro/r), where N O and r 0 are constants (Schwenn et  al. 
1987). The volume integral S~ = fo°4 7r jr  r2/A 2 dr gives 
the f ree - f ree  flux density 

10_51 gffZ~ 2 3 • N o r  o S~ = 6.84 × Tle/2 A2 (2) 

with units [W m -  2 Hz - 1]. In Eq. (2), A (m) is the geocentric 
distance, and the electron density is taken to be zero at 
distances r > r 0. 

We consider Comet  P/Hal ley for reference,  since this 
is the comet  in which the plasma parameters  are best 
known. In P/Halley,  No = 109 m -3 at r 0 = 4 x 107 m, 
T e -  103 K , Z  i = 1 (Schwenn e t a l .  1987). We find by 
substitution in Eq. (2) that a Halley-like comet  at A = I 
AU would give S~ - 6 × 10 .34 W m -2 Hz -1 (6 × 10 .5 
mJy). This is far smaller than the flux densities listed in 
Tables I - I I I  and far smaller than can be detected using 
current  technology. Even  allowing that we have underrep- 
resented the geometric complexities of  the cometary 
plasma (Balsiger et al. 1986, Schwenn et al. 1987), it seems 
safe to conclude that f ree - f ree  continuum contributes 
negligibly to the submillimeter and millimeter spectrum. 

required to produce the same flux density a s  the comet  
when placed at the location of  the nucleus. In Eq. (4), R 
and A are expressed in astronomical  units S~ is in millijan- 
skys and h is in millimeters. Values of  dBB a r e  given in 
column 5 of  Table IV. 

Table IV shows that the detected comets  have daa in 
the range from 7 km ( IRAS-Arak i -Alcock)  to - 4 0  km (P/ 
Brorsen-Metca l f  and P/Halley).  The effective diameter  
of  the nucleus of  IRAS-Arak i -A lcock  est imated from 
observations at other  wavelengths is 6 -< d - 12 km 
(Goldstein et al. 1984). Thus,  the millimeter cont inuum 
of  this comet  is consistent with a detect ion of  thermal 
radiation from the nucleus (c.f. Al tenhof fe t  al. 1983). The 
blackbody diameter  of  O k a z a k i - L e v y - R u d e n k o  (dab = 
12 - 1 km; Table IV) is also consistent with the likely size 
of  the nucleus, so that we must conclude that in this 
comet  a significant but uncertain fraction of  the detected 
radiation may emanate from the nucleus. However ,  in the 
other detected comets,  dBB is significantly larger than the 
- 5 - 1 0  km expected size of the nucleus (e.g. P/Halley;  
see also Jewitt 1991). Therefore ,  the submillimeter and 
millimeter emission is unlikely to be thermal radiation 
solely from the nucleus, as was already noted in the case of 
P/Halley by Altenhoff  et al. (1989). Instead, this radiation 
must be attributed, in part, to solid particles in the coma. 

4.2. N u c l e u s  

The submillimeter emission from the nucleus can be 
est imated under  the assumption of  thermal equilibrium. In 
this case, the flux density S~ (W m-2 H z -  l) at wavelength 
[m] produced by a spherical nucleus of  diameter d (m) is 
given by (Jewitt and Luu 1992) 

4.3. C o m a  

What mass of  particulate coma is needed to account  for  
the observed submillimeter emissions? A detailed calcula- 
tion of  the mass was described in JL90; here we adopt  a 
simplified but nevertheless valid approach.  The mass, M 
(kg), can be estimated from 

kssm~d2 {Fsun)l/4 ( 1 -  A] TM, 
Sv - 2 ~2 -~ ~-~-~ j \ ~ir--""~/ 

S v A 2 
(3) m - (5) 

By(T)  r (h) '  

where k = 1.38 × 10 -23 J K -1 is Boltzmann's  constant,  
tr = 5.67 x 10 -8 W m -2 K -4 is Stefan 's  constant,  Fsu n = 
1360 W m -2 is the solar constant,  ~:sm and Sir are the 
emissivities at the submillimeter wavelength of  observa- 
tion and at the Planck maximum in the infrared, respec- 
tively, A is the Bond albedo, 2 --< X - 4 is a parameter  that 
depends on the surface distribution of  temperature on the 
nucleus. The heliocentric distance of  the nucleus is R 
[AU]. 

The emission from a spherical, isothermal blackbody 
can be computed from Eq. (3) by substituting ~sm = Sir = 
1, A = 0, and X = 4. Substitution yields the equivalent 
blackbody diameter  

dBB = 6 h A S~ 1/2 R TM (4) 

defined as the diameter  of  the blackbody,  in kilometers, 

where B~(T) (W m -2 Hz-1 sr - l )  is the Planck function at 
temperature T (K), and K(h) (m E kg - l )  is the opacity. 
Strictly, temperature  T should be computed  for each grain 
size from the equation of  radiative equilibrium, while tak- 
ing into account  the wavelength dependence  of  the ab- 
sorption cross section. This was done explicitly in JL90, 
with the result that "superhea t ing"  of  grains due to emis- 
sivity variations had a negligible effect on the emitted 
spectrum (see Fig. 2 of  that paper). Fo r  our  present  pur- 
poses, it is sufficient to take the temperature  of  a spherical, 
isothermal blackbody T ~ 278/R 1/2 as a first estimate of  
the grain temperature.  At the temperatures  of  the comets  
considered here,  B~(T) falls well within the Ray- 
leigh-Jeans regime and is thus relatively insensitive to 
uncertainties in the temperature.  

The principal uncertainties in the estimation of  masses 
using Eq. (5) result from the unknown opaci ty of  cometary  
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TABLE IV 
Summary of Observations 

Comet a R [AU] b h [mm] c S~ [mJy] d dbb [km] e M l [kg] f M 2 [kg] g Reference h 

P/Brorsen-Metcalf 0.48 0.8 90 -+ 18 41 --- 4 3.6 ± 0.7 × 10 9 1.1 --+ 0.2 × 108 This Work 
Austin 1989cl 0.57 0.8 -<38 -<16.6 -<6 × 10 8 -<1.8 × 10 7 This Work 
O-L-R 0.67 0.8 21 ± 4 12 ± 1 3.2 ± 0.6 × 108 9.6 ± 2 x 106 This Work 
Austin 1989Cl 0.75 1.2 12 ± 2 34 +-- 3 3.7 ± 0.6 × 109 1.1 -+ 0.2 x 108 Altenhoffetal .  (1990) 
IRAS-Araki-Alcock 1.00 13 9.0 ± 0.7 7.3 ± 0.3 1.9 ± 0.1 x 109 5.6 ± 0.4 × 107 Altenhoffet al. (1983) 
P/Halley 1.13 1.2 52 ± 5 32 ± 2 3.2 ± 0.3 x 109 9.7 ± 1 × 10 7 Altenhoff et al. (1989) 
P/Faye 1.59 1.1 -<8 -<13.4 -<5.7 × 108 -<1.7 × 107 This Work 
P/Halley 1.60 1.3 52 -+ 15 40 -+ 6 5.3 -+ |.0 × 10 9 1.6 ± 0.5 × 108 Altenhoff et al. (1986) 
P/Halley 1.60 3.5 5.9 --- 1.4 36 -+ 4 1.2 ± 0.3 × 10 Z° 3.7 +- 0.9 × 108 Altenhoff et al. (1986) 
Levy 1990c 1.67 1.1 -<14 -<24.8 -<1.9 × 10 9 -<5.7 × 10 7 This Work 

a Comet name 
b Helocentric distance [AU] 
c Wavelength [mm] 
d Flux density [mJy] 
e Equivalent blackbody diameter [km] 
f Mass using Mie opacity [kg] 
g Mass using fractal opacity [kg] 
h Reference. 

dus t  at submi l l ime te r  w a v e l e n g t h s ,  K(?,). The  opac i ty  is a 
func t ion  o f  the  w a v e l e n g t h  o f  obse rva t i on ,  the grain s ize 
and its d i s t r ibu t ion ,  the gra in  compos i t i on ,  and e v e n  o f  
the  shape  o f  the  grains  (van de  Hul s t  1957, B o h r e n  and 
H u f f m a n  1983, B e r r y  and  Pe rc iva l  1986). To  i l lustrate  
these  unce r t a in t i e s ,  we  p r e sen t  masse s  based  on two  ex- 
t r e m e  va lues  o f  the  submi l l ime te r  opac i ty .  

F i r s t ,  we  c o n s i d e r  a c o m a  o f  grains in wh ich  the differ- 
ent ia l  s ize d i s t r ibu t ion  is 

n(a)da  = F a -q  da,  (6) 

w h e r e  a (m) is the  gra in  radius  and F and q are cons tan t s .  
T h e  s ize d i s t r ibu t ion  is t aken  to e x t e n d  f r o m  a m i n i m u m  
radius ,  a - ,  to  a m a x i m u m  radius ,  a + .  T h e  e f f ec t ive  
opac i ty  at w a v e l e n g t h  h is then  

fa+ Qa (h) zr a 2 n (a) da 
a - -  

K I ( • )  = a +  , ( 7 )  
f l  (4 7r/3) p a 3 n (a) da 

w h e r e  aa(?~) is the (d imens ion less )  abso rp t ion  ef f ic iency 
o f  the  grains.  W e  ca l cu l a t ed  the  Qa(h) for  spher ica l ,  homo-  
g e n e o u s  par t ic les  o f  th ree  d i f fe ren t  c o m p o s i t i o n s  using 
the  Mie  t h e o r y  (van de  Hul s t  1957, B o h r e n  and H u f f m a n  
1983). As  we  will  soon  note ,  it is l ikely  that  the  grains in 
c o m e t s  are  no t  h o m o g e n e o u s  spheres .  N e v e r t h e l e s s ,  Mie  
t heo ry  ca lcu la t ions  are  helpful  in showing  the  sens i t iv i ty  
o f  the opac i ty  to va r i a t ions  in the  gra in  c o m p o s i t i o n  and 
size d is t r ibut ion .  Ca lcu la t ions  w e r e  m a d e  using the wave -  

l e n g t h - d e p e n d e n t  c o m p l e x  r e f r ac t i ve  ind ices  o f  s i l icate 
(Dra ine  1985), g lassy  c a r b o n  ( E d o h  1983), and Thol in  
(Kha re  et  al. 1984). Again ,  t hese  mate r ia l s  w e r e  c h o s e n  
as b road ly  r e p r e s e n t a t i v e  o f  the  types  o f  ma t t e r  though t  
to be  p r e sen t  in c o m e t  dust .  E q u a t i o n s  (6) and (7) w e r e  
then  so lved  us ing size d i s t r ibu t ion  ind ices  q = 3 and q = 
4, as sugges ted  by the size d i s t r ibu t ion  o f  the grains  in P/  
Ha l l ey  ( M c D o n n e l l  et  al. 1987). Sample  resul ts  are  l is ted 
in Tab le  V. 

TABLE V 
Sample Opacities at A = I m m  

Model 
Number a -  [mm] a + [mm] Size index q Material KI [m 2 kg-i] 

1 10 -5 1 3 Silicate 0.68 
2 10 -5 10 3 Silicate 0.13 
3 10 -5 100 3 Silicate 0.02 
4 10 -5 1 3 Carbon 0.89 
5 10 -5 10 3 Carbon 0.13 
6 10 -5 100 3 Carbon 0.02 
7 10 -5 1 3 Tholin 0.79 
8 10 -5 10 3 Tholin 0.24 
9 10 -5 100 3 Tholin 0.04 

10 10 -5 1 4 Silicate 0.30 
11 10 -5 10 4 Silicate 0.27 
12 10 -5 100 4 Silicate 0.24 
13 10 -5 1 4 Carbon 1.18 
14 10 -5 10 4 Carbon 1.01 
15 10 -5 100 4 Carbon 0.85 
16 10 -5 1 4 Tholin 0.33 
17 10 -5 10 4 Tholin 0.32 
18 10 - 5 100 4 Tholin 0.28 
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The calculated opacities were found to be insensitive 
to the lower size limit, a-, provided a -  ~ h and a -  
a +.  The physical explanation is that the small grains, 
although numerous, are inefficient radiators at submilli- 
meter wavelengths and thus contribute weakly to the 
opacity. For definiteness, the sample results in Table V 
all have a - = 10 -5 mm. The opacities are more sensitive 
to the upper size limit, a +.  As discussed in Section I, the 
existence of millimeter-sized grains in active, near-Sun 
comets is known with confidence (e.g., Eaton et al. 1984, 
McDonnell et al. 1987). Gas drag is sufficient to eject 
grains I to 2 orders of magnitude larger still (Whipple 
1950). Accordingly, in Table V we summarize calculations 
made using a +  = 1, 10, and 100 mm. The table shows 
that the effective opacity decreases as a + increases in 
this radius range, apparently because the larger particles 
become individually optically thick and so contribute to 
the mass faster than they contribute to the radiating cross 
section. This is especially true of the q = 3 distribution, 
in which the total grain mass is determined by the largest 
particles. 

The effective opacity varies by more than an order of 
magnitude among the 18 sample models in Table V. From 
consideration of these and other models based on Eq. (7), 
we adopt 

0.3 
KI(X ) (m 2 kg- 1) = X (mm) (8) 

as a representative opacity for Mie spheres in Halley-like 
size distributions. The uncertainty in Eq. (8) is best judged 
by inspection of Table V. This is also the value adopted 
by Beckwith et al. (1990) in their submillimeter study of 
dusty pre-main-sequence stars. We note for comparison 
that Hildebrand (1983) proposed r (1 mm) - 0.06 m 2 kg-1 
(with an estimated uncertainty of a factor of 4) for dust 
in the interstellar medium. Draine (1990) has compared 
various estimates of the long wavelength opacity of inter- 
stellar grains. Note that real differences may exist among 
the opacities of grains in different environments. The very 
large grains included in our calculation of r~, for instance, 
would probably be absent from dust in the interstellar 
medium. 

Dust masses computed using Eq. (8) are denoted M 1 
and are listed in column 6 of Table IV. There it may be 
seen that M 1 ~ 108-109 kg for each of the detected comets 
(P/Brorsen-Metcalf, Austin, O-L-R, and P/Halley). For 
comparison, the total mass released from P/Halley during 
the entire 1986 apparition is estimated at 5 × 1011 kg 
(Whipple 1987). Evidently, large dust masses are implied 
by the opacity formula in Eq. (8). 

The grains in comets are likely to be porous aggregates 
of smaller grains, for which submillimeter opacities larger 
than r 1 are anticipated (Wright 1987, 1989, Hage and 

Greenberg 1990). High porosity is a natural consequence 
of particle growth by aglomeration (Brooks 1990, Meakin 
and Donn 1988, Donn 1990). Some extraterrestrial strato- 
spheric dust particles, thought to be of cometary origin, 
are highly porous (Brownlee et al. 1980). Impact counters 
on the Giotto spacecraft detected clustered impacts pro- 
duced by the fragmentation of weakly bound grains while 
in flight (Simpson et al. 1987). Several authors have re- 
ported very large opacities for conducting fractal aggre- 
gates (e.g., Berry and Percival 1986, Wright 1987). From 
Fig. 6 of Wright (1987) we estimate a fractal grain opacity 

10 
K2(*k ) (m 2 kg- 1) = ) t ' m m  ----~,k " (9) 

Masses computed using Eq. (9) are denoted M z and are 
listed in column 7 of Table IV. There it may be seen that 
M 2 - 107-108 kg. Thus, the very large opacities of fractal 
grains greatly reduce the mass of dust needed to supply a 
given flux density. 

How are the derived dust masses M 1 and ME to be 
interpreted? Consider an active comet observed at R = 
A = 1 AU. Suppose that the nucleus loses dust at the rate 
dMd/dt (kg sec- 1), and that the dust has terminal velocity 
v (m sec-l). The time of residence of the dust inside the 
photometry diaphragm is r - ~b A/(2 v), where 4) (rad) 
is the diaphragm diameter. Therefore, the mass of dust 
projected within the diaphragm is Md -- dMd/dt 4~ A/(2 v). 

For definiteness, we consider the case of Comet P/ 
Halley. The mass loss rate in dust at R = 1 AU was dMd/ 
dt - 104 kg sec-1 (Tokunaga et al. 1986, Gehrz and Ney 
1992). We take the outflow speed of small grains to be 
comparable to the speed of sound in the coma gas, v 
500 m sec -1. The angular diameter of the beam used to 
observe the comet was ~b = I 1 arcsec = 5.4 × 10 -5 rad 
(Altenhoff et al. 1989). Substitution gives the dust mass 
within the beam Md -- 5 × 107 kg. For comparison, the 
dust mass in P/Halley estimated using opacity r2 is Mz 
(1 to 4) × 108 kg (see Table IV). The evident agreement 
within a factor 2 to 8 must be partly fortuitous--neither 
dMd/dt nor v is known with confidence at the time of the 
millimeter measurement. But the observation that M d 
M2 shows that fractal particles can provide a plausible 
explanation of the cometary submillimeter continuum 
without requiring huge masses of dust in the coma. 

Alternate interpretations of the radio continuum emis- 
sion have been proposed in terms of centimeter-sized ice 
grains (Gibson and Hobbs 1981) and meter-sized boulders 
(Walmsley 1985). As noted earlier (Section 4.3), the sub- 
millimeter cross section per unit mass decreases as the 
particles grow large compared to a wavelength. There- 
fore, these interpretations require proportionately larger 
masses of material to provide a given submillimeter signal. 
The optically thick ice grain halo model is essentially ruled 
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out by numerous direct observations of cometary nuclei 3 
in recent years (c.f. Jewitt 1991). Moreover, any process 
capable of lifting centimeter- and meter-sized objects from 
the cometary nucleus would simultaneously eject far 
larger numbers of small particles. Thus, it seems more "~ 2 
natural to interpret the submillimeter emission in terms of 
broad size distributions of particles, as in the present 
work, rather than in terms of populations of ultra-large 
grains or boulders. 

5. F U T U R E  M E A S U R E M E N T S  

Future observations may allow us to distinguish be- 
tween submillimeter continuum emission from the porous 
particles discussed in Section 4 and continuum emitted 
by millimeter-sized compact particles, as discussed in a 
previous work (JL90). Such discrimination would be 
based on the spatial distribution of the submillimeter con- 
tinuum. The porous particles discussed here possess a 
large cross section per unit mass so that they will be well 
coupled to the gas flow from the nucleus (Meakin and 
Donn 1988). These particles will be ejected from the nu- 
cleus at a speed comparable to the speed of sound in the 
coma and will populate a near-spherical volume around 
the nucleus analogous to the well-known optical dust 
coma. By contrast, large compact particles have a small 
cross section per unit mass, will be ejected from the nu- 
cleus at low speeds, and will spread preferentially in the 
orbit plane in the same way that the IRAS particles are 
confined (Eaton e t  a l .  1984). A submillimeter image of a 
comet would reveal a nearly spherical coma in the former 
case, but a sheet-like, highly elongated coma in the latter. 
Such an image would also clearly delineate emission from 
the nucleus, should it be detectable. 

A submillimeter map of Comet Austin has been pre- 
sented by Chakaveh e t  a l .  (1990). This map shows nearly 
circular isophotes that are consistent with high velocity 
particles distributed in a near-spherical coma. It thus lends 
support to the present interpretation of the submillimeter 
continuum as thermal emission from porous particles. 
Unfortunately, the scale of the map (50 x 50 arcsec) is 
only -2 .5  times larger than the diffraction resolution of 
the JCMT (18 arcsec at 1.1 mm), so that it is difficult to 
ascertain the true morphology of the submillimeter coma. 

We expect that compelling imaging observations will 
be provided by the next-generation submillimeter-array 
bolometer, SCUBA (Gear and Cunningham 1990). 
SCUBA is to be commissioned at the JCMT in mid-1993. 
The primary advantages of SCUBA over UKT 14 for com- 
etary studies are 

• SCUBA consists of two arrays (37 pixels at 850/xm 
and 91 pixels at 450 ~m) illuminated simultaneously via a 
dichroic mirror. The field of view is approximately 2.5 
arcmin in each array. The use of an array will permit 

).= 800 pm 
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FIG. 1. Flux density F~ [mJy] versus heliocentric distance R [AU] 
computed from Eq. (3). The labels give the diameters of three spherical, 
isothermal blackbodies observed at opposition. The 3o-, 1-hr sensitivities 
of UKT14 and the SCUBA bolometer array are marked. 

direct imaging of resolved cometary sources and will allow 
increased observing efficiency by providing simultaneous 
sky monitoring on point sources. 

• Each pixel in SCUBA is about 10 times more sensitive 
than the UKT14 bolometer, as a result of the very low 
operating temperature (0.1 K). The enhanced sensitivity 
will allow a greater detection rate among comets. 

• Additional "photometric pixels" provide wavelength 
coverage up to 2 mm, with filters typically having h / A h  --  
4 t o 5 .  

To illustrate the advantages expected from SCUBA for 
cometary studies, we used Eq. (3) to compute opposition 
flux densities (i.e., A = R - 1, for R > 1) for three 
spherical, isothermal blackbodies as a function of helio- 
centric distance and object diameter. The results are plot- 
ted in Fig. 1. The 3o- sensitivities obtained with UKT14 
and SCUBA after 1 hr of on-source integration under good 
atmospheric conditions are marked in the figure (note that 
1 hr of on-source integration with UKT14 corresponds to 
about 3 hr of observing time, as discussed in Section 2. 
Figure 1 shows the dramatic improvement in sensitivity 
conveyed by SCUBA. With this instrument, the nuclei of 
short period comets should be routinely detectable out to 
distances of R - 2 AU, opening a new window for the 
study of these enigmatic bodies. 

C O N C L U S I O N S  

The present observations serve to demonstrate that a 
significant fraction of near-Earth comets emit submillime- 
ter radiation at the I0- to 100-mJy level and so are within 
reach of existing submillimeter telescopes. Specifically, 
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1. F ive  come t s  ( two per iodic  and  three  dynamica l l y  
new) have  b e e n  obse rved  at 0 .8 -mm and  1.1-mm wave-  
lengths  wi th  the J C M T ,  us ing  the s ing le -channe l  bo lome-  
ter  U K T I 4 .  One  per iodic  ( P / B r o r s e n - M e t c a l f )  and  one  
dynamica l l y  n e w  come t  ( O k a z a k i - L e v y - R u d e n k o )  were  
de tec ted .  I n d e p e n d e n t  mi l l imete r  wave leng th  de tec t ions  
of P /Ha l l ey ,  I R A S - A r a k i - A l c o c k ,  and  Aus t in  1989Cl by  
A l t enho f f  e t  a l .  (1983, 1986, 1989) are also d iscussed.  

2. The  long wave leng th  c o n t i n u u m  is t en ta t ive ly  at tr ib-  
u ted  to the rmal  emis s ion  f rom porous ,  poss ib ly  fractal  
par t ic les  in the coma.  The  infer red  c o m a  part ic le  masses  
are - 1 0 7  to l08 kg, w h e n  c o m p u t e d  us ing the fractal  grain  
opaci t ies  of  Wright  (1987). E m i s s i o n  f rom Mie spheres  
can  also expla in  the r a d i o c o n t i n u u m .  H o w e v e r ,  spheres  
are poo re r  emi t te rs  than  fractal  aggregates,  and  larger 
masses  of  dus t  (108 to 109 kg) would  then  be required .  

3. The  c o n t i n u u m  flux dens i t ies  are larger than  can  be 
p r o d u c e d  by  f r ee - f r ee  rad ia t ion  f rom come ta ry  p lasma.  

4. A signif icant  f rac t ion  of  the emiss ion  f rom Comets  
I R A S - A r a k i - A l c o c k  and  O k a z a k i - L e v y - R u d e n k o  may  
e m a n a t e  f rom the nuc leus .  

5. I m p o r t a n t  cons t r a in t s  m a y  be p laced  on  the na tu re  
of  the submi l l ime te r  emi t te rs  us ing  c o n t i n u u m  mapp ing  
obse rva t ions .  Small  po rous  par t ic les  should be e jected 
f rom the nuc l eus  at high speed and  will occupy  a spherical  
c o m a  r e sembl ing  the opt ical  dus t  coma.  C o m p a c t  mil l ime- 
ter -s ized par t ic les  should  be conf ined  to the cometa ry  
orbi ta l  p lane ,  resu l t ing  in a c o m a  that  is highly e longa ted  
a long the d i rec t ion  of  the pro jec ted  orbit .  Diagnos t ic  sub- 
mi l l imeter  maps  awai t  the comple t i on  of the S C U B A  bo- 
lomete r  array.  
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