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Optical and infrared observations of comet Bowell are presented. The optical observations 
indicate that the solid grain coma is expanding at only 0.9 -+ 0.2 m sec ~. This is two orders of 
magnitude slower than the local gas sound speed and may suggest that gas drag is not responsible 
for stripping the grains from the nucleus. The hypothesis of "electrostatic snap-off" is tentatively 
advanced to account for the ejection of the grains. Alternatively, the grains may have an unusual 
size distribution. The extrapolated motion of the grains suggests that the bulk of the coma was 
formed when the comet was at a heliocentric distance R = 10 AU. Any water ice in the nucleus 
would be too cold to give rise to the observed grain coma by equilibrium sublimation at this R. 
Further evidence against the production of the grain coma by equilibrium sublimation of the 
nucleus is provided by broadband (J) photometric observations. Almost all of the observed photo- 
metric variations of comet Bowell can be ascribed to geometric effects. Simple models indicate that 
the total grain cross section has been nearly constant since the time of the earliest observations. 
The present observations, which suggest that water ice sublimation does not control either the 
optical morphology or the near infrared photometric behavior of comet Bowell, are contrasted with 
reported high OH production rates. It is concluded that the grain coma may be largely a relic of 
activity occurring on the nucleus at R = 10 AU while the OH may indicate sublimation from the 
nucleus near perihelion and from coma grains near R = 4.6 AU. © 1984 Academic Press. Inc. 

I. INTRODUCTION 

Comet  Bowell was discovered at the un- 
usually large heliocentric distance R = 7.3 
AU (Bowell, 1980) and was found to be 
moving on an orbit that is close to parabolic 
(Hasegawa et  al. ,  1981). According to 
Everhar t  and Marsden (1983) the original 
reciprocal semimajor axis was about 6 × 
10 -5 AU -1. Comet  Bowell appears " n e w "  
in the Oort (1950) sense: it has probably not 
made many previous journeys  through the 
inner solar system. Consequently,  it is of  
interest to determine whether  this object 
has any propert ies which might physically 
distinguish it from the more commonly 
studied short-period comets of  the inner so- 
lar system. 

Several physical observations have been 
published in the recent  literature. Optical 
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spectra taken by Cochran and McCall 
(1980) showed the coma to consist of  solid 
grains when the comet  was at R = 7.2 AU. 
Subsequent  infrared observations,  obtained 
at R = 4.80 AU, confirmed the solid grain 
nature of  the coma and showed the grains 
to be dark, with a visual geometric albedo 
of  about 7% (Veeder and Hanner ,  1981). 
The near infrared geometric albedo was es- 
t imated to be 14 --- 5% by Jewitt et  al. (1982, 
hereaf ter  referred to as Paper  1). The latter 
workers combined near infrared and ther- 
mal infrared measurements  to estimate the 
total grain cross section in the coma at R = 
4.5 AU. Within a diaphragm of  projected 
radius 6 x l06 m ,  the solid grain cross sec- 
tion was found to be C(6 x 106) -- (3 -+ l) x 
10 s m 2. Combined with their published CCD 
surface brightness profiles this leads to an 
estimate of  the cross section within the 
whole coma, C(~) = (3 -+ 1) × 109 m 2. An 
additional proper ty  of  the grains was sug- 
gested by the absence of  strong "super-  
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hea t "  (Paper  l; Ney ,  1982). The thermally 
dominant  grains were inferred to be large 
(radius a ~> 5 t~m), in stark contrast  to the 
smaller grains which usually dominate  com- 
etary thermal emission (a - I Ixm). 

Peculiar spectral  features were discov- 
ered in the wavelength  range 1.4 to 2.4-p,m, 
when the comet  was at R = 3.38 AU (Paper 
1). The features  did not resemble  those 
present  in the spec t rum of water  ice but 
were instead similar to those of  solid am- 
monia.  Identical  absorpt ion features were 
present  in the spec t rum of comet  Panther  
(1980u) but were absent  in comet  P/ 
S t e p h a n - O t e r m a  (1980g) (Paper  1). Cam- 
pins et  al. (1982) also made spectral  obser- 
vations in the near  infrared at R -- 4.5 AU, 
but did not detect  the spectral  features de- 
scribed above.  

An optical surface brightness profile of  
the grain coma  revealed a very sharp outer  
boundary.  The profile could not be matched 
by simple grain coma  models ,  despite the 
fact that these models  were successful in 
reproducing the profiles of  other comets .  

Besides the solid grains, which dominate 
the optical and infrared appearances  of  the 
comet ,  there are published observat ions  
pertaining to gaseous emission. Weak emis- 
sion f rom CN was reported at R = 3.39 AU 
by Larson  (1982). The I U E  satellite was 
used by Feldman et al. (1982) to infer a 
comet  Bowell CN product ion rate QCN --~ 7 
× 1025 sec -~ and an OH product ion rate 
QoH ~ 3 x 1028 s e c  1 both at R = 3.39 AU. 
Recently,  A ' H e a r n  et  al. (1982, 1983) re- 
vised the OH product ion rates (as reported 
by Fe ldman et  al . )  downwards  by a factor  

Three photographs of comet  Bowell were 
analyzed by Sekanina (1982). He  concluded 
that the brightness of  the comet  changed 
very little with R, and that the radius of  the 
coma  increased at about  0.8 m sec ~. Se- 
kanina also noted that the comet  had no tail 
in the first photograph (taken at R = 6.90 
AU) and that the width of  the tail in the 
other  two photographs  (R = 5.20 AU, 4.52 
AU) did not increase with distance f rom the 
nucleus. F rom the former  observat ion he 
inferred that coma  product ion began at R ~< 
14 AU. From the apparent  length of the tail 
he found an upper  limit to the radiation 
pressure induced accelerat ion of the grains 
and used it to est imate their radii as a - 300 
txm. Sekanina supposed that the grain coma 
of  comet  Bowell was originally in orbit  
about  the nucleus. He did not exclude the 
possibility of  a small amount  of nucleus 
outgassing near  perihelion. 

In the following sections we will present 
observat ions  which substantially confirm 
several  of  the deductions of  Sekanina 
(1982). We will also a t tempt  to reconcile the 
apparent ly inert grain coma with the un- 
usual activity suggested by the large gas pro- 
duction rates measured near perihelion. 

11. O P T I C A L  O B S E R V A T I O N S  

The optical observat ions  were taken at 
the Cassegrainian focus of  the Paiomar  1.5- 
m telescope.  Images  were obtained through 
broadband filters centered in the wave-  

TABLE 1 

R A D I U S  OF T H E  C O M A  
of about  3. The same authors noted that the . . . . . . . . . . .  
peak Qon ~ 1029 sec -~ occurred  at R ~- 4.6 
AU, long before perihelion at R = 3.34 AU 
(see their Table 2). The rapid Qon fluctua- 
tions repor ted by A ' H e a r n  et  al. are puz- 
zling since some of them occur  on time- 
scales shorter  than the diaphragm crossing 
t imes for OH gas. The large gas production 
rates and the peculiar dependence  on the 
heliocentric distance were  unexpected fea- 
tures of  comet  Bowell.  

JD R 3. P pA r , I(/ ~" 
244+ (days) (AUI (AU) Imcscc~ <at c,,cc) Ira) 

4656 4.92 4.10 23 + 3 94 ~ 12 0.69 + 0,119 
4728 4.47 3.66 29 + 3 106 + 11 0.77 + 0.08 
5052 ~.37 3.16 48 +: 4 152 + 13 1.10 + I).(19 
5140 3.50 2.48 58 + 5 144 ~ 12 I.I)5 + I).09 
5228 :L47 3.47 45 + 4 156 + 14 1.14 + 0,10 

Note. The columns list, respectively, the last [bur digits of the Julian 
Day Number at the time of observation, the heliocentric and geocentric 
distances of the comet (R, A in astronomical units), the apparent radius 
of the coma (p, arcsec), the radius corrected to unit viewing distance 
(pA, arcsec), and the linear radius of the coma (r × 10 ~ m). 
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FtG. 1. CCD image of comet Bowell obtained UT 1982 March 23, when R - 3.37 AU, 2x - 3.16 AU, 
and ~ = 17 °. The width of this r image corresponds to 1.1 x 109 m at the comet. West is to the right, 
north to the top. Note the bright dust coma and the extended dust tail. The long streaks are caused by 
bright stars which saturated the CCD. 

length  r ange  0.5 to  0 . 9 / ~ m  us ing  the C C D  
c a m e r a  and  t e c h n i q u e s  d e s c r i b e d  in P a p e r  
I. T h e  o b s e r v a t i o n s  we re  t a k e n  on  a range  
o f  d a t e s  in a 2 - y e a r  i n t e rva l  ( see  T a b l e  I). 
The  a t m o s p h e r i c  see ing  dur ing  each  o b s e r -  
v a t i o n  was  f rom 1 to 3 a r c s e c  F W H M .  Indi-  
v idua l  i m a g e s  r e a c h  to a p p r o x i m a t e l y  
T h u a n  and  G u n n  (1976) m a g n i t u d e ,  r = 23. 
F o r  a d e s c r i p t i o n  o f  the  o t h e r  f i l ters u sed  
see  W a d e  et al. (1979). 

A r e p r e s e n t a t i v e  C C D  image  o f  c o m e t  
Bowe l l ,  t a k e n  at  w a v e l e n g t h  0.65 -+ 0.05 
k~m, is s h o w n  in Fig .  I. The  image  r e ve a l s  
bo th  the  br igh t ,  a l m o s t  c i r cu l a r l y  s y m m e t -  
r ic  c o m a  o f  the  c o m e t  and  the  faint  tail.  
This  b r o a d b a n d  i m a g e  r e c o r d s  the  d i s t r ibu-  
t ion o f  the  so l id  g ra ins  in the  c o m a  and  t y p e  
II  tai l .  T h e  ma in  f e a t u r e s  o f  the  gra in  c o m a  
a re  the  r e l a t i v e l y  wel l  de f ined  o u t e r  b o u n d -  
a r y  and  e s p e c i a l l y ,  the  c o n v e x  nose .  
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FIG. 2. Expansion of the coma of comet Bowell. The 
data are listed in Table I and described in the text. The 
linear least squares fit is shown. 

The extent  of  the coma  in the direction 
perpendicular  to the plane of  the orbit of  
the comet  cannot  be appreciably  influenced 
by solar radiation pressure.  Fur thermore ,  
the orbit  of  comet  Bowell  is inclined to the 
ecliptic by only 2 ° . Consequent ly ,  the width 
of  the coma  in the direction perpendicular  
to the projected tail axis can be used as a 
measure  of  the true coma  width (Sekanina, 
1982). CCD images taken at wavelength 
0 .65/zm were  used to determine the radius 
of  the coma  by taking surface brightness 
plots along lines perpendicular  to the comet  
tail. The ever  s teepening surface brightness 
profile near  the edge of the coma  (e.g., see 
Fig. I o f  Paper  1) enabled an accurate  mea- 
surement  of  the coma  radius by extrapola-  
tion of  the obse rved  surface brightness.  The 
measured  radii are given in Table I. The 
uncertainties listed in columns 4, 5, and 6 of  
Table I result  f rom uncertainties in the mag- 
nitude of  the sky background in each frame.  

The measured  radii, corrected to A = 1 
AU,  are plotted versus Julian Day N u m b e r  
in Fig. 2. The figure reveals that the coma  
radius is a linearly increasing function of 
time. The slope of  the least squares fit 
straight line is 

v = 0.9 -+ 0.2 m sec -I (1) 

which is the best es t imate of  the coma  ex- 
pansion rate. By extrapolat ion,  the coma  is 
found to have had zero radius at Julian Day 

JD(0) = 2443760 + 700 days (2) 

corresponding to a period centered on Sep- 
t ember  1978. At this time, more than a year  
before d iscovery,  the comet  was at helio- 
centric dis tance R = 10 AU. The signifi- 
cance of  relations (1) and (2) will be dis- 
cussed shortly.  

The CCD images of  the coma show no 
evidence for  a central  brightness spike 
which might be associated with the come- 
tary nucleus. The central  surface brightness 
profiles are instead consis tent  with blurring 
of  the extended coma  by a tmospher ic  see- 
ing. A central  brightness excess  of  50% 
would be readily detectable  in the profiles. 
Using this visibility criterion, an upper  limit 
to the product  of  the 0.65-/xm wavelength 
geometr ic  albedo,  g, with the square of  the 
radius of  the nucleus (rn, meters)  may  be set 
at 

grZn ~ 6 x 106 m 2 (3) 

For  example ,  taking g = 0.14 (the geomet-  
ric a lbedo of  the coma  grains, f rom Paper  1) 
gives rn ~< 6.5 x 103 m. 

Est imates  of  the mean size of  the optical 
grains in comet  Bowell can be obtained 
f rom measuremen t s  of  the effects of  radia- 
tion pressure  on the morphology of  the 
comet .  In principal,  both  the length of the 
tail and the extension of  the coma  in the 
direction toward the sun can be used to es- 
t imate the grain size. However ,  comet  Bow- 
ell is observed  at such small phase angles 
that only the tail length imposes  a signifi- 
cant constraint  on the grain size. 

The apparent  length of the comet  tail as 
determined on UT 1982 March 23 (JD = 
2445052; see Fig. 1) was L '  > 220 arcsec in 
the plane of  the sky. The phase angle, helio- 
centric,  and geocentr ic  distances of  the 
comet  at the t ime of  observat ion were 17 ° , 
3.37 AU, and 3.16 AU, respectively.  
Hence ,  the true length of the tail was ap- 
proximate ly  L > 1.7 z 10 9 m.  I f  the tail 
grains were ejected f rom the nucleus on 
JD(0) then the equat ion of  uniformly accel- 
erated motion gives the grain acceleration 
A > 2.6 x 10 7 m sec 2. The grain radius 
may be est imated f rom a = 3FoQpr/4cR2pA, 
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JD R A a J 4) CHOP AJI A J2 Jc Source 
244+ (AU) (AU) (deg) (arcsec) (arcsec) 

4551 5.62 6.27 8 14.32 -+ 0.05 10.3 35 NS 0.03 -0 .00 14.35 A'Hearn et al., 
1981 

4674 4.80 3.84 4 13.65 _+ 0.05 8 20 NS -0.24 -0.11 13.30 Veeder and 
Hanner, 1981 

4704 4.61 3.64 3 12.89 --- 0.10 11.5 14 EW 0.15 -0.08 12.96 Campins et al., 
1982 

4709 4.58 3.63 5 14.00 -+ 0.10 6 6 NS -0.55 -0.26 13.19 Paper 1 
4719 4.52 3.63 7 13.43 -+ 0.10 8.7 10 EW -0.15 -0.19 13.09 Campins et al., 

1982 
4734 4.43 3.68 9 13.19 --- 0.10 11.5 14 EW 0.15 -0.17 13.17 Campins et al., 

1982 
4739 4.40 3.71 11 13.13 --+ 0.10 7.8 l0 EW -0.27 -0.16 12.70 Campins et al., 

1982 
5092 3.40 2.70 14 12.91 -+ 0.09 6 6 NS -0.55 -0.25 12.11 G. Neugebauer 

(private com- 
munication, 
1982) 

5118 3.45 2.51 8 12.26 -+ 0.05 8 20 NS -0.24 -0.00 12.02 a 
5152 3.53 2.52 2 12.6 b 7.5 18 NS -0.31 -0.00 12.29 Koornshef and 

Shuster, 1982 

2 R 
3 A 
4 a 
5 J 
6 6 
7 CHOP 
8 AJ~ 
9 A J2 

10 J~ 
11 Source 

Note .  The columns have the following meanings: 
1 JD Julian Day Number of the observation, minus 2,440,000 

heliocentric distance (in AU) of the comet 
geocentric distance (in AU) of the comet 
phase angle (in degrees) of the comet 
measured J magnitude of the comet 
angular diameter (in arcsec) of the diaphragm within which J was measured 
beam chop amplitude (in arcsec) and the direction of chop in the plane of the sky 
magnitude correction for diaphragm size 
magnitude correction for beam chop amplitude 
= J +  AJI + AJ2 
source of the J magnitude measurement 

a Unpublished measurement by the author, taken at IRTF. 
b No error quoted. 

w h e r e  F0 = 1300 W m -z is t h e  s o l a r  c o n -  
s t a n t ,  Qpr is t h e  r a d i a t i o n  p r e s s u r e  effi-  
c i e n c y  f a c t o r  ( o f  o r d e r  u n i t y ) ,  c = 3 x 108 m 
s e c  -~ is t h e  s p e e d  o f  l i g h t ,  R is t h e  h e l i o c e n -  
t r i c  d i s t a n c e  in  A U ,  a n d  p = 103 k g  m -3 is 
t h e  a s s u m e d  g r a i n  d e n s i t y .  S u b s t i t u t i o n  
g i v e s  a < 1 × 10 -3 m ,  in  a g r e e m e n t  w i t h  t h e  
v a l u e  a - 3 x 10 -4 m q u o t e d  b y  S e k a n i n a  
(1982) .  ( I t  s h o u l d  b e  n o t e d  t h a t  S e k a n i n a ' s  
e s t i m a t e  o f  t h e  g r a i n  r a d i u s  w o u l d  a l s o  
s e e m  t o  b e  a n  u p p e r  l imi t ,  a l t h o u g h  h e  d o e s  
n o t  s a y  so ,  s i n c e  h i s  p h o t o g r a p h s  p r o v i d e  

only a lower limit to the length of  the tail.) 
The grains in the tail of  the comet  are not 
larger than about 1 ram. 

tII. BROADBAND PHOTOMETRY 
A majority of  the published photometric  

observations of  comet  Bowell have been 
taken at near  infrared wavelengths.  A list of  
J (1.2 p.m) magnitudes was compiled in or- 
der to follow the change in the apparent  
brightness of  the comet  with time. The list 
is presented in Table II. 
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TABLE III 

S U M M A R Y  O F  C O M E T  B O W E L L  C O L O R  

M E A S U R E M E N T S  

JD ~b ,~1 t  t t  K Source 
larcsecl 

4709 6 0.5 + 0.1 0.0 + 0.1 Paper 1 
4674 8 0.46 + 0.07 0.03 + 0.07 Veeder and 

Hanner,  1981 
5092 6 0.37 + 0.12 (/.[19 + 0.11 G. Neugebuuer 

(private 
communication, 
1982~ 

5118 8 0.45 + 0.07 0.02 + 0,07 

'~ Unpublished measurements  by the author, taken at IRTF. 

The K (2.2/xm) magnitudes published by 
Campins et al. (1982) were converted to J 
magnitudes by using the empirical color J -  
K = 0.46 _+ 0.04. The data listed in Table II1 
provide evidence that the broadband near 
infrared colors of comet Bowell have re- 
mained constant within the uncertainties of 
measurement, justifying the magnitude 
transformation. The uncertainties on the 
derived Campins et al. J magnitudes in Ta- 
ble II have been enlarged to reflect the addi- 
tional uncertainties introduced by the J - K  
transformation. 

The published magnitudes have been cor- 
rected for two observational effects. First, 
the magnitudes were corrected to corre- 
spond to a 10-arcsec-diametcr diaphragm. 
For this purpose, the integrated brightness 
within a diaphragm of diameter ¢h was as- 
sumed to follow B(~b) = Kch with K an un- 
specified constant (e.g., see comet Bowell 
profile in Fig. 1 of Paper 1). Then AJi = 2.5 
log(&/10). Second, the raw J magnitudes 
were obtained using beam chop amplitudes 
which were smaller than the radius of the 
coma, so that the "reference beams" were 
contaminated by coma light. The necessary 
beam chop correction, 2J2, was empirically 
determined from measurements of a CCD 
image taken at wavelength 0.65/zm. Artifi- 
cial aperture photometry was performed on 
the CCD image in order to estimate the rel- 
ative coma signals in the chopped beams. It 
was assumed that the coma surface bright- 

ness law at 0.65/zm was similar to that at J 
(1.2/xm). It was also assumed that the in- 
trinsic coma surface brightness law did not 
change drastically with time. The beam 
chop correction is seen (Table II) to be rela- 
tively unimportant since it is only slightly 
larger than the formal uncertainties of the J 
magnitudes, in most cases. 

The Jc magnitudes listed in Table II result 
from observations taken at phase angles in 
the range 2 -< o~ (degrees) -< 14. The magni- 
tudes should be corrected for the intrinsic 
phase function of the grains. However, 
there exists hardly any information con- 
cerning the phase coefficients of cometary 
grains at small phase angles. Consequently, 
no phase angle correction was applied in 
the present analysis. It should be noted that 
unless the grains have strongly peaked 
backscattering, IdJ/da] > 0.04 per degree, 
the differential phase corrections would 
amount to <0.5 magnitude. Experiments in 
which the Jc magnitudes were "correc ted"  
with hypothetical phase coefficients much 
larger than 0.04 magnitude per degree no- 
ticeably increased the scatter of the data 
points near JD 2444700 and JD 2445100. 

The corrected magnitudes, Jc, are plotted 
as a function of Julian Day Number in Fig. 
3. 

IV. DISCUSSION OF THE COMA EXPANSION 
The slow expansion of the coma indi- 

cated by Fig. 2 and Eq. (1) is a major result 
of the present work. The measured expan- 
sion rate is in formal agreement with the 
value determined by Sekanina (1982). It 
must be noted, however, that the coma ra- 
dius uncertainties listed in Table I and 
shown in Fig. 2 are solely those due to un- 
certainties in the brightness of the sky back- 
ground in each image. Additional uncer- 
tainties, resulting from the form of the 
extrapolation function, have been ne- 
glected from the discussion. However, 
these uncertainties are likely to be small 
and systematic in nature and will not affect 
the measured rate of expansion of the 
coma. In this regard it will be observed that 
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FIG. 3. Jc photometry of comet Bowell versus Julian Day number. The data are listed in Table lI and 
described in the text. Note the small amplitude of the variation of the magnitude. The solid line 
represents a fit obtained by assuming a static dust coma of constant cross section. 

the coma radii reported by Sekanina (1982), 
when reduced to A = 1 AU,  are about 15 
arcsec ( -15%)  smaller than the corre- 
sponding radii in Table I. This difference is 
most likely due to the different extrapola- 
tion methods employed and the different 
sensitivities of  the CCD and photographic 
observing systems. 

It is important  to know whether  the ob- 
served expansion velocity equals the veloc- 
ity of  the grains ejected from the nucleus or 
whether  it is a " w a v e "  velocity. In the lat- 
ter case, the radius of  the coma might 
change slowly in response to a variable 
grain destruct ion process,  although individ- 
ual grains would approach the coma edge at 
relatively high speeds. The continuous in- 
crease of  the coma radius through perihe- 
lion may be interpreted as (weak) evidence 
against the wave interpretation, since most 
conceivable destructive processes are cor- 
related with R and would be symmetric 
about perihelion. In the remainder  of  this 
paper we will assume that the measured 
coma expansion velocity equals the true 
grain velocity. We note that the observed 
expansion velocity strictly refers only to 
the fastest grains near  the edge of  the coma: 
grains nearer  the center  could, in principle, 
be traveling more slowly. 

The coma expansion rate, v -~ 1 m sec -~, 
is small in comparison with the speed com- 
puted from Delsemme's  (1982) modification 
of  Bobrovnikof f ' s  (1954) empirical relation, 
Vat) - 250 m sec -1. The expansion rate is 
also small in comparison with the speed of  
sound in the coma at the temperature  of  the 
nucleus ( -140°K) ,  namely Vs -~ 400 m 
sec -1. The former  observation suggests a 
fundamental  difference between the coma 
of  comet  Bowell and the comae of  Bobrov- 
nikoff ' s  comets .  The latter observation 
may suggest that the grains in comet  Bowell 
have a peculiar size distribution peaked to- 
ward grains of  large radius so that the gas/ 
grain coupling is poor.  Alternatively, the 
latter observat ion may suggest that the 
grains are not ejected by gas drag from sub- 
limated volatiles. The coincidence between 
the coma expansion rate and the gravita- 
tional escape speed of  a kilometer-sized nu- 
cleus suggests the operation of  a low energy 
process,  barely able to lift grains from the 
nucleus against gravity. We briefly describe 
one possible process.  

Sunlit grains on the surface of  a cometary 
nucleus may acquire positive electric 
charge as a result of  the loss of  photoelec- 
trons to shadowed regions. The charged 
grains may be affected by the resulting elec- 
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trostatic fields of  surrounding grains and 
surfaces. Houpis and Mendis (1981) have 
balanced electrostatic and gravitational 
forces to find that only grains of radius a < 
0.4 /xm may be electrostatically ejected 
from a kilometer-sized nucleus. However ,  
these authors appear  to have neglected the 
adhesion which commonly binds small 
grains with forces far greater than the 
weights of  the bound grains. As a result of 
the adhesive forces,  the electrostatic repul- 
sion can grow very large before the grain-  
grain bonds " s n a p , "  leading to the ejection 
of relatively large grains. On the Moon, 
snap electrostatic ejection lofts 5-/zm dust 
grains to heights of  order  0.3 m (Rennilson 
and Criswell, 1974; De and Criswell, 1977; 
Pelizzari and Criswell, 1978). The corre- 
sponding ejection speeds are v~ - 1 m sec ~. 
comparable  to the speed of expansion of 
the coma of  comet  Bowell. 

The evaluation of this "electrostat ic  
snap"  ejection mechanism requires knowl- 
edge of  the contact  forces between ice 
grains at low temperatures.  The forces be- 
tween cometary  grains may be determined 
by sintering over  cosmical periods and are 
thus very  hard to evaluate. The adhesion 
occurring between small ice spheres has 
been experimental ly investigated, generally 
at or very close to the ice melting point. At 
these temperatures ,  the adhesion may be 
enhanced by the presence of a surface wa- 
ter layer: thus most experimental  data can- 
not be directly applied to cometary ice 
grains which may never  have been close to 
the melting point. One measurement  of the 
adhesive force between ice spheres has 
been made at T = 266°K, a temperature be- 
low the range in which a surface water layer 
is thought to exist. Matsumaru (1974) ob- 
tained an adhesive force F = 9 x 10 7 N 
between ice spheres of radius a :~ 13 /zm. 
The " 'snapping" of two grains attracted by 
force F would lead to a grain ejection speed 
vc ~ ( 2 F a / m )  V2 ~ (F/2pa2) t/2 where a, p,  and 
m are the grain radius, density, and mass, 
respectively.  Taking p = 1000 kg m ~, we 
find vc - 1.6 m sec ~. Thus, it is at least 

plausible that electrostatic snapping of 
grain bonds could eject I0- to 100-/zm 
grains from the nucleus of  comet Bowell 
and thereby account  for the slowly expand- 
ing coma. 

V. DISCUSSION OF THE PHOTOMETRIC 
OBSERVATIONS 

The main feature of the comet  Bowell 
light curve,  shown in Fig. 3, is its small 
amplitude. Between R = 5.6 AU and R = 
3.4 AU, Jc changes by only 2 magnitudes. 
Almost all of  the observed variation can be 
ascribed to geometric effects. Whereas the 
apparent brightness of an asteroid should 
vary as R-2A 2, the distributed surface 
brightness of the coma leads to a slower 
variation. Since the s u r f a c e  brightness of 
comet Bowell is inversely proportional to 
the local impact parameter  (Paper I, Fig. 
1), the integrated brightness within a speci- 
fied diaphragm should vary as R-2A -1. A 
model in which a static, constant cross sec- 
tion coma is assumed is illustrated in Fig. 3. 
Evidently,  this inert, static coma model 
provides an acceptable fit to the data. 

A complication arises from the slow ex- 
pansion of  the coma. In the interval of  the 
observations,  uniform expansion would 
open a central hole in the coma with a 
diameter  about 40% of  the diameter of the 
coma on the last date of observation. The 
absence of  such a hole may simply mean 
that the coma does not expand uniformly at 
all radii. Alternatively, it may indicate that 
about 40% of  the total grain cross section 
was produced from the nucleus during the 
interval of  observations.  We cannot easily 
distinguish between these two interpreta- 
tions, although the latter would seem to be 
the less plausible of  the two. They may be 
summarized by the statement that not more 
than about 40% of the total grain cross sec- 
tion was produced from the nucleus be- 
tween R - 5.6 AU and R = 3.4 AU. 

Although the above static coma model 
provides a simple, self-consistent descrip- 
tion of the photometry of comet Bowell we 
have computed other  models in the hope of 
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finding equally successful descriptions. We 
have previously noted that the slow coma 
expansion casts doubt on gas drag as the 
agent responsible for the ejection of grains 
from the nucleus. The photometric obser- 
vations provide an independent constraint 
on the sublimation outgassing of the nu- 
cleus. In steady state, the rate of produc- 
tion of grain cross section, dC/dt (m 2 sec-t), 
will be proportional to the sublimation rate 
of the nucleus, dm/dt  (kg m -2 sec-I). The 
sublimation rate can be estimated by adopt- 
ing the Clausius-Clapeyron approximation 
for the gradient of the solid-vapor phase 
boundary (Glasstone, 1946). Then, 

( tzmH ] '/: dm ( T) = Po 
dt \2-~-k--T/ 

(I-tmHL~ ( - I~mnL~ 
e x p \  kTo / e x p \  ~ / (4) 

where/x is the molecular weight of the sub- 
limating material, mH is the mass of a hy- 
drogen atom, and k is Boltzmann's con- 
stant. The sublimating material has a latent 
heat L, and the phase boundary passes 
through a pressure, temperature reference 
point P0, To. The nucleus temperature, T, 
must be found by solving the thermal equi- 
librium equation at the sublimation surface 
(e.g., see Delsemme and Miller, 1971). The 
solution for T depends upon the albedo and 
emissivity of the nucleus and on its spin 
period and spin axis. Since none of these 
quantities is known we have chosen to 
compute T for a rapidly spinning (isother- 
mal) nucleus having a range of albedos. The 
resulting models should provide a rough ap- 
proximation to the true equilibrium subli- 
mation rate. 

The sublimation rate was computed 
along the orbit of comet Bowell using the 
P0, To,/z, and L values appropriate to H20, 
NH3, and N2 ices. These ices were selected 
to represent weak, intermediate, and strong 
sublimation, respectively. Their selection 
was not meant to imply that these particular 
substances may be present on the nucleus. 

The apparent magnitude of the model 

dust coma, reduced to R = A = 1 AU, is 
computed from 

J(t) = Jo - 2.5 log --~ • dt (5) 

where 
to = t - 3~bA/4v. (5b) 

Here, the instantaneous rate of change of 
grain cross section, dC/dt, is assumed to be 
proportional to the instantaneous equilib- 
rium sublimation rate computed from Eq. 
(4). The quantity dC/dt is equal to the mag- 
nitude of the difference between the rate of 
cross section production at the time of ob- 
servation, t, and the rate at time to. The 
time difference t - to is a measure of the 
time taken for grains to cross the projected 
diaphragm. To order of magnitude, ~b ~ 10 
arcsec, A --~ 4.5 × l0 ll m, v = 1 m sec J, 
giving t - to -- 2 × 107 sec. This is suffi- 
ciently large that the heliocentric distance 
changes significantly in the diaphragm 
crossing time. In Eq. (5) we have neglected 
the possibility of optical gaseous emission 
from the coma. 

The J magnitude models are plotted in 
Fig. 4, as are the observed magnitudes from 
Table II. The illustrated models include the 
geometric brightness variation and repre- 
sent the best fits obtained by varying the 
nucleus albedo and emissivity within wide 
ranges. Each model has been normalized to 
the data by selecting an appropriate value 
of the constant J0. The figure shows that the 
model involving equilibrium sublimation of 
H20 fails to provide a convincing match to 
the data. In particular, the amplitude of the 
model light curve greatly exceeds the am- 
plitude of the observed light curve. The 
model amplitude could be reduced by as- 
suming a slowly rotating nucleus, but 
would still be larger than the observed am- 
plitude. The fit could be improved by adopt- 
ing nucleus albedos <0.02, but such low 
values are implausible. The poor fit pro- 
vided by the equilibrium H20 sublimation 
model is not surprising, since the sublima- 
tion rate of H20 is an extremely strong 
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FIG. 4. Jc photometry of comet Bowell compared to equilibrium sublimation models corresponding 
to H20, NH3, and N2 ices. 

function of  heliocentic distance for R > 3 
AU. The H~O model is also unreasonable 
because a nucleus of  many hundreds of  ki- 
lometers would be needed to produce sub- 
stantial activity at R ~> 5 AU and such a 
nucleus would violate the constraint im- 
posed by Eq. (3). 

The NH3 and N2 sublimation models are 
seen to provide successively better  approx- 
imations to the observed light curve.  In par- 
ticular, the N2 model has an amplitude only 
slightly greater  than the observed ampli- 
tude. The improved fit is a result of the 
weak dependence  of  the N2 sublimation 
rate on R. The NH3 and N2 models are not 
substantially improved by the adoption of  a 
slowly rotating nucleus. In summary,  if 
equilibrium sublimation is responsible for 
the ejection of  grains into the coma of 
comet  Bowell then the sublimating material 
must have a volatility comparable to that of  
solid N~ in order  to match the observed 
light curve.  However ,  all sublimation 
models are difficult to reconcile with the 
small coma expansion rate. 

VI. DISCUSSION OF THE ULTRAVIOLET 
OBSERVATIONS 

As noted in the Introduction,  OH pro- 
duction rates Qou = 1029 sec i at R = 5 AU 
and Qon = 1028 sec i at R = 3.4 AU (peri- 
helion) have been reported by A 'Hearn  et 
al. (1982, 1983). The ultraviolet OH obser- 
vations prompt at least two questions: 

(1) What is the source of the large 
QOH? 

(2) Why did QOH decrease with de- 
creasing heliocentric distance? 

Cometary  OH is generally interpreted as 
a photodissociation product  of H20 (e.g., 
Feldman, 1982). This interpretation is sub- 
stantiated by measurements  of  the hydro- 
gen/hydroxyl  product ion rate ratio QH/QoH 

2 and by measurements  which show that 
QOH varies with R in a way consistent with 
simple water  ice sublimation theory (in 
some comets;  see Feldman, 1982). A major- 
ity of  the published OH observations refer 
to short period comets,  however ,  and we 
must at least entertain the possibility that 
H20 may not be the parent of  OH in the 
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very  long period comet  Bowell.  In this re- 
gard we note that  in comet  Bowell,  Qon 
does not vary  with R in the manner  ex- 
pec ted  f rom simple sublimation theory and 
fur thermore ,  the product ion rate of  O H  at 
R = 5 AU is orders  of  magnitude greater  
than can be produced  by  sublimation of  a 
water  ice nucleus of  a few kilometers  ra- 
dius. Unfor tunate ly ,  there appear  to be no 
measu remen t s  of  QH with which to con- 
strain the QH/QoH ratio. In the following 
discussion,  we will assume that H20  is the 
parent  of  O H  although we know of  no sci- 
entific justification for  this assumption.  

A slowly rotat ing g reybody  at the comet  
Bowell  perihelion distance,  R = 3.34 AU,  
would have  a dayside surface tempera ture  
T-~ 179°K. I f  made  of  H20  ice, the dayside 
would sublimate at the rate rh = 9 × 10 -6  kg 
m -2 sec -1 corresponding to a flux of  H20 
molecules  Ob - 3 × 1020 m -~ sec -1 
(Washburn,  1928). The obse rved  perihelion 
O H  product ion could be  supplied by subli- 
mat ion f rom a nucleus of  radius rn = (QoH/ 
27rq~) 1/2 --~ 2 z 103 m. A nucleus of  this ra- 
dius could easily satisfy the observat ional  
constraint  expressed  by Eq. (3). The cor- 
responding quantit ies for  a rapidly rotating 
g reybody  are T~- 150°K, th -~ 1.3 x 10 -8 kg 
m -2 sec -I ,  ~b -~'4 x 1017 m -2  s e c  -1 ,  and r n = 
(Qon/47rcb) 1/2 = 4 × 104 m. A nucleus of  this 
radius would violate Eq. (3) for any plausi- 
ble geometr ic  albedo.  Hence ,  the observed  
perihelion QoH may be consis tent  with equi- 
librium sublimation f rom a slowly rotating 
water  ice nucleus,  but not f rom a rapidly 
rotating one. The same conclusion has been 
reached by Keller  (private communica t ion  
referenced by A ' H e a r n  et al., 1983). This 
conclusion should not be taken to mean 
that activity at larger R is caused by subli- 
mat ion of  the nucleus.  

The product ion rate Qon = 1029 S ec- I  ob- 
served at R = 4.6 A U  ( A ' H e a r n  et al., 1983) 
cannot  be  explained by sublimation of  the 
nucleus at any reasonable  tempera ture .  Je- 
witt (1982) has suggested that the coma  
grains may  be the pr imary  source of  gas in 
comet  Bowell  because  of  their very  large 

total cross  section, C(~) = 3 × 10 9 m 2, rela- 
tive to that  o f  the nucleus. I f  the grains are 
the source of  the O H  then the sublimation 
flux is ~b = QoH/4C(oo) -~ 8 × 1018 m -2 sec -1. 
This flux would be expec ted  f rom a water  
ice surface at T - 160°K (Washburn,  1928). 
The coma  grain t empera ture  at R = 4.5 AU 
was measured  to be T = 140°K with a ltr 
uncer ta inty of  10°K (Paper  1). Hence ,  a 
grain tempera ture  of  160°K is just  consis- 
tent with the measured  temperature ,  within 
the uncertaint ies  of  the determination.  The 
~30°K tempera tu re  excess  above  the local 
g reybody  tempera tu re  (130°K) would result  
if the grain emissivi ty at 20 / zm was about  
half the emissivi ty  at 0.5-/xm wavelength,  
and would not be unusually large compared  
to t empera ture  excesses  found in other 
comets  (Ney,  1982). 

A ' H e a r n  et al. (1983) have reached a sim- 
ilar conclusion concerning the origin of  the 
O H  but have  assumed a lower  grain tem- 
pera ture  and used a larger total grain cross 
section. Their  large total grain cross section 
leads them to adopt  a very  small grain al- 
bedo,  g = 0.0025. Howeve r ,  combined 
thermal  and near  infrared observat ions  sug- 
gest  larger near  infrared albedos g --= 0.07 to 
g -~ 0.15 (Veeder  and Hanner ,  1981; Cam- 
pins et al., 1982; Paper  1). 

We may  test  the sublimating grain coma  
hypothesis  by  compar ing the total grain 
mass  with the total mass  loss. The total 
mass  of  the grains in the coma  may  be esti- 
mated  as m ~- pC(~)a,  where p = 103 kg 
m -3, C(oo) m 2 is the total grain cross section, 
and a is the grain radius. Evident ly,  m -~ 3 
× 1012a kg. Taking a ~< 10 -3 m (Sect. II) 
gives m ~< 3 x 109 kg. 

The total gas loss f rom the comet  may  be 
es t imated f rom Fig. 6 of  A ' H e a r n  et al. 
(1983). By assuming the "quasi-equil ib-  
r i um"  behav ior  illustrated by A ' H e a r n  et 
al., the total number  of  O H  radicals pro- 
duced be tween  R = 5.5 A U  and R = 3.4 
A U  may  be es t imated as N = 1029 sec -I × 3 
× 107 sec = 3 × 1036. The corresponding 
total mass  loss is M -~ 9 × 10 I° kg. Since M 
-> m it may  be concluded that the sublimat- 
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ing grain hypothesis  is not consistent with 
the quasi-equilibrium scenario as described 
by A 'Hearn .  However ,  it is possible that a 
significant fraction of  the cross section of  
comet  Bowell is due to grains about M/m 
30 times larger than the tail grains (a < 10 3 
m). This would imply a very unusual grain 
size distribution but would not contradict 
existing observations of  comet  Bowell. It is 
also possible that the OH production is 
overest imated by the interpolations of  the 
quasi-equilibrium model. If  the mean OH 
product ion rate was <1/30 times the peak 
product ion rate, then M/m - 1. A very vari- 
able product ion rate is suggested in the out- 
burst model of  A 'Hea rn  et al. (1983) and 
would not violate existing observational 
constraints.  

VII. CONCLUSIONS 

(1) Optical observations indicate that 
the coma of  comet  Bowell expands at 0.9 -+ 
0.2 m sec -1 in agreement  with the conclu- 
sion of  Sekanina (1982). The slow expan- 
sion suggests that either the grain size dis- 
tribution is unusually peaked towards very 
large grains or gas drag is not responsible 
for the ejection of  the grains from the nu- 
cleus. 

(2) The coma radius extrapolates to 
zero in late 1978. Significant coma ejection 
was initiated at this time: the comet  was at 
about  R = 10 AU. There is no evidence to 
suggest the coma grains were ever in orbit 
about the nucleus, as proposed by Se- 
kanina. 

(3) The product  of  the optical geomet- 
ric albedo of  the nucleus with the square of 
its radius is less than 6 × 106 m 2. A nucleus 
of a few × 103 m radius and having a plausi- 
ble geometric albedo is permitted by the 
data. 

(4) The corrected J magnitude of the 
comet  exhibits variations consistent with 
the presence of  an inert grain coma. The 
light curve is also consistent with grain 
ejection caused by sublimation of  a very 
volatile material, but the sublimation model 
is hard to reconcile with the observed slow 

coma expansion. The light curve is not read- 
ily matched by models involving sublima- 
tion of H20. 

(5) A large part of  the grain coma may 
be a relic of  activity on the nucleus at R -~ 
I0 AU: the ultraviolet OH observations 
provide evidence for subsequent activity at 
smaller R. 

(6) The parent of  the OH is unknown. 
The magnitude of the OH production rate 
at R = 4.6 AU and the variation of  the pro- 
duction rate with R are both inconsistent 
with a simple H20 nucleus model. How- 
ever,  a slowly rotating H20 nucleus of  ra- 
dius r, > 3 × 10 3 m could produce the ob- 
served perihelion production rate by 
sublimation. If  the OH produced at R = 4.6 
AU results from steady sublimation of  H20 
ice in the coma grains, then the grains must 
(a) be ~30°K hotter  than greybodies at the 
same R, and (b) have radii a >> 3 × 10 -2 m. 
Neither  (a) nor (b) strongly violates existing 
observational constraints.  
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