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Evidence for Interacting Gas Flows and an 
Extended Volatile Source Distribution in the 

Coma of Comet C/1996 B2 (Hyakutake) 
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Images of comet C/1996 82 (Hyakutake) taken during its close approach to Earth show 
differences in the distribution of gas and dust in the inner coma and reveal two arc-shaped 
molecular resonant emission features. The morphology of these features, as well as the 
apparent decoupling gas from dust in the inner coma, suggest that an extended region of 
icy grains surrounds the nucleus of Hyakutake and contributes substantially to the pro- 
duction of volatiles. Model simulations suggest the same conclusion and indicate that the 
brighter arc is explainable by the presence of a trailing condensation of ice-bearing 
granules with a rate of volatile production approximately 23 percent of that of the nucleus. 

T h e  approach of comet (211996 B2 (Hya- based observers with an opportunity to 
kutake) to a,ithin 0.102 astronomical monitor the characteristics of the extreme 
units (AU)  (1 ) of Earth provided ground- inner coma of an active comet. Such close 

encounters with comets are relativelv rare, 
W. M. Harrs Soace Astronomy Laboratory. Unversty of and recent opportunities to study 
\S~Iscons~n. 11 50 Unverslty Ajienue, Madson, W 53706. 
I , o n  scale 15100 km) structures near coinet 
V a n .  

M R. Combl, Space Physcs Research Laboratory, U n -  nuclei have been limited except for the 
verslty of Mchgan,  24F5 Hayward Avenue. Ann Arbor, IRAS.Araki.Alcock (C/l983d) kpparition 
MI 48109-2143, USA 
R. K Honeycutt, Deoartment of Astronomy, ndana  U n -  and the Giotto and Vega fly-by encoull- 
verslty. Swan H a  West, Boomngton. IN 47405 USA, ters with IPIHalley in 1986 (2-4). We 
B. E. A. Mueler, Natrona Optrca Astronomy ObSe~a t0 -  report on the results of observations per- 
rles, 950 North Cherry Avenue. Tucson. 42 85719, USA forlned at  the 3 , j -m WIYN ( j )  telescope F. Scherb. Derclartment of Phvs~cs. Un~vers~tv of Wscon- .~~ . ... . . 
sin 11 50 ~ n ~ v e r s t y  ~ j i enue  'Madson, w 53706, USA on 26 March 1996, using narroa2-band 
*To whom corresoondence should be addressed E-mail, filters (6)  to image the structure and evo- 
wharr~s@sal w1sc.edu lution of different small-scale gas and dust 

structures within 3.5 arc min (-16,000 
km) of Hyakutake's nucleus over 7 hours. 
These images reveal differences in the ra- 
dial intensity fall-off and the relative 
spherical distributions of gas and dust 
emissions in the inner coma, and show a 
pair of low-contrast arc-shaped emission 
features located antisunward of the nucle- 
us (Fig. 1) .  

Hyakutake was 0.107 AU (1)  from 
Earth on 26 March, and this corresponds 
to 77 km/arc sec, or 15.4 kmlpixel in our 
images. Observations occurred between 
5 : 15 to 12:45 universal time (UT) ,  which 
was slightly longer than the 6-hour, 14- 
lnin rotation period of the nucleus (7). We 
alternated imaging sequences between twy 
filters that isolated either dust at 4850 A 
(6) or resonant elnission of the [B2C+ - 
S 2 C + ,  Av "= 01 CN band between 3845 
and 3883 A (8).  The continuum and CN 
images were taken 360 s apart to facilitate 
subtraction of dust emission in the CN 
filter bandpass. The CN and continuuln 
sequences were interrupted at 8 :  10 U T  for 
an observation of O H  [A2XC - X2n, ,  0-0; 
1-11 emission !t wavelengths between 
3064 and 31 15 A (8) .  After standard pro- 
cessing (9),  each image was spatially fil- 
tered to emphasize small-scale structures, 
including teinporally variable jet features 
that rotated with the nucleus (10). The 
dust emission present in the CN and OH 
images was removed by assuming that the 
jet features in the filtered images con- 
tained only dust within 250 km of the 
nucleus (1 1). The subtraction is then per- 
formed using a scaled dust image that re- 
moves these jet features. 

The surface brightnesses (B,) of the 
dust, CN, and OH colnae decreased with 
projected angular distance (p)  from the 
nucleus in a manner similar to other com- 
ets (12). The radial fall-off in the dust 
coma displayed a typical surface brightness 
(Bc,,,,) dependence of Bdusr - P-' consis- 
tent with scattering of sunlight from opti- 
cally thin dust with a number density 
(Ndust) distribution of Pidusc x T-' around 
the nucleus (Fig. 2A) (13). This rate of 
decreasing intensity was the same for all 
angles from the sunward direction despite 
a clear asymmetry in dust production fa- 
voring the sunlit hemisphere. Both the 
CN (Fig. 2B) and OH images displayed 
radial surface brightness (B and BOH) cY distributions slower than p- , which is 
consistent with model simulations where 
these species are created over an extended 
region by photodissociation of parent mol- 
ecules drifting away from the nucleus (14). 

The density of dust in the inner coma 
~vas higher in the sunward-facing hemi- 
sphere (Fig. 2A), which agreed with the 
spatially filtered images showing discrete 
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jet regions only on the illuminated areas of 
the nucleus (15). Jet activity terminated 
nearly instantaneously after local sunset, 
and it appears that full illumination was 
required for dust production to occur. In 
contrast, neither the CN or OH images 
were asymmetric in the sunward direction; 
indeed, the CN difference images dis- 
played a less pronounced, but distinct, 
antisunward brightening (Fig. 2B) (16). 
The orientation of the dust and ion tails of 
Hyakutake was nearly perpendicular to the 
line of sight on 26 March, providing a 
clear line of sight toward the nucleus that 
made it unlikely that projection effects 
could have caused these differences. Giv- 
en that the inner coma volatiles are the 
source for the svmmetric outer coma com- 
monly observed from comets including 
Hyakutake (17), a spherical inner gas 
coma would be expected, but the problem 
of producing a symmetric coma with a 
nonspherical nuclear source distribution 
has not been successfully addressed (1 8, 
19). 

One possible explanation for the shape 
of the eas coma is that the nucleus of " 
Hyakutake was surrounded by an extended 
cloud of volatile-rich particles with a gas 
production large enough to offset the sun- 
ward bias of the nucleus-centered source. 
Laboratory measurements have shown 
that icy particles will be driven off a comet 
nucleus by the evaporation of compounds 
more volatile than H,O, with the diame- 
ter of the grains dependent on the size of 
the nucleus and its heliocentric distance 
(rh) (20). The so-called icy grain halo 
(IGH) model (20) postulates that these 

liberated ice particles would be heated by 
sunlight and evaporate, contributing to 
the gas production of the comet. The ratio 
of surface area to mass of the icy particles 
is higher than the nucleus by the inverse 
ratio of their respective radii (rmai6/ 
rnucleus)-', and, as they are heated by sun- 
light, they will outgas over time scales of 
seconds to hours. A continuouslv re~len- , . 
ished supply of these particles could dom- 
inate gas production even when the in- 
stantaneous mass of the halo is <<I% of 
the nucleus. Studies of the detectability of 
the icy particles and the size of a halo have 
shown the particles to have no obvious 
spectroscopic identifier, and that, unless 
they are composed of pure water ice, par- 
ticles with diameters less than -1 mm 
evaporate within 100 km of the nucleus at 
r, of 51 AU (21). Because most halo 
particles evaporate very close to the nu- 
cleus, an IGH will subtend an angle of s 1 
arc sec at the Earth-comet distances typi- 
cal of a closest approach (-1 AU), mak- 
ing it difficult to resolve from ground- 
based telescopes. To date, there have been 
no confirmed detections of a volatile-pro- 
ducing IGH around a comet nucleus, al- 
though they have been invoked to explain 
other observations (22). 

If an IGH were Dresent around Hva- 
kutake, then it coulh have produced ;he 
observed characteristics of the gas and 
dust coma, because a distributed source 
will produce a more spherical coma than 
an asymmetrically active nucleus (23). It 
is also possible that evidence for an IGH 
was detected by the radar observations of 
Harmon et al. (24) on 25 March, which 

Fig. 1. This composite sur- 
face plot of four images tak- 
en over 15 min on 26 March 

I 
1996 with the CN isolation 
filter (6) shows the major fea- 
tures of the inner,coma in 
both gas and dust. The im- 
age field of view is 81 00 krn 
on a side. To enhance the 
contrast of low surface 
brightness coma structures 
relative to the nucleus, we 
displayed the plot intensities 
logarithmically. The nucleus 
is located at the cross 
marked (a) with a jet feature 
visible toward its left. The 
arc-shaped emission fea- 
tures are located at (b) and 
(c), and the more prominent 
of the two can be seen 

I 
crossing the comet-sun line . 
in a parabolic shape, widen- 
ing as it moves away from 
the nucleus. Trailing the I 
large arc are two prominent extended condensatior 
-15% as bright as the inner one (d). 

Log intensity: CN filter image 

showed a slowly expanding distribution of 
approximately centimeter-size rubble in 
the inner coma with a total reflective cross 
section -10 times greater than the nucle- 
us. The diameter and drift rate (10 m/s) of 
this material agree with theoretical esti- 
mates for size and terminal velocitv of the 
largest icy grains that could be accelerated 
to escape speeds by molecular drag from a 
2-km (24) nucleus at 1 AU (20). Assum- 
ing that the particles had the same albedo 
as the nucleus, then the surface area of the 
halo would have been larger by the same 
factor of 10. The surface area and mass of 
a 0.01-m icy particle exceeds that of a 
1000-m nucleus (24) by a factor of lo5, 
and so the total mass in the halo necessary 
to provide the observed ratio in reflective 
area is only 0.001% of the nucleus. If the 
halo  articles contained volatile material. 
and they were being continuously replen- 
ished, then their total gas production 

1s (d and e). The more distant condensation (e) was 

Distance from nucleus (lo4 km) 

Fig. 2 The two plots show the radial intensity 
distributions for dust continuum (A) and CN (8) as 
a function of angular separation from the subsolar 
point of the comet. The dierent profiles are for 
angles of 0" (dark green), 20" (light green), 40" 
(aqua), 60" (blue), 80" (purple), 100" (pink), 120" 
(red), and 140" (gray). The black straight line on 
each plot is the best-fit radial profile (p-0.85 for the 
dust and p-O.& for CN). The dust emission is more 
than twice as bright in the sunward side of the 
coma, reflecting the asymmetry in the source 
function on the nucleus. The CN profiles show no 
evidence of a sunward hemispheric asymmetry 
out to more than 80" from the subsolar point. 
Beyond this angle, the intensity of the coma be- 
gins to increase because of a combination of a 
possible antisunward asymmetry in CN produc- 
tion and the growing contribution of emission as- 
sociated with the two arc structures (Fig. 1). The 
radii p-O.& fall-off rate for CN is also considerably 
slower than for the dust. 
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could have been comparable to or greater 
than the nucleus. A large halo gas source 
could also explain the high percentage (up 
to 100% depending on the nuclear diam- 
eter) of active surface area on Hvakutake's 
nucleus that would have been ndcessary to 
sustain the observed water ~roduction rate 
of QHzO > s-' with a single source 
( 25 ) .  . . 

The other conspicuous components of 
the CN and OH images of 26 March were a 
transient bright arc-shaped emission feature 
that trailed the nucleus by - 1200 km and a 
smaller conical-shaped structure that trailed 
by -200 km (Figs. 1 and 3). At its center 
the large arc was perpendicular to the line 
joining the nucleus and trailing debris, with 
a half-intensity width of 240 km and a 
surface brightness/pixel twice that of the 
background coma. With increasing distance 
from its apex the arc widened, decreased in 
contrast, and curved away from the comet- 
sun direction. It eventually approached a 
straight line directed radially away from the 
nucleus, and was detectable out to the edge 
of the 6.7 arc min image field. Between 
6:38 and 11: 09 UT, the apex of the arc 
moved from 1125 to 1365 (+ 35) km anti- 
sunward of the nucleus at 10.9 + 1.0 m/s 
(Fig. 4B). It maintained a constant separa- 
tion from a condensation of debris that was 
drifting antisunward in the dust continuum 
images. The surface brightness of the arc 

and condensation were diminished on 27 
March, with arc becoming undetectable by 
29 March. 

The closer conical feature appeared 
physically similar to the bright arc (Figs. 1 
and 3), with its bright outer edges following 
a radial vector centered on the nucleus. It 
lacked the sharply defined apex of the larger 
feature, possibly due to the proximity of its 
crossing point to the nucleus. Like the 
brighter arc, the conical structure was asso- 
ciated with a nearby condensation that 
trailed the nucleus, but neither the conical 
structure nor the condensation showed ev- 
idence of tailward drift. Instead they main- 
tained a fixed Dosition relative to the nu- 
cleus, and remained detectable, although 
variable in brightness, over the entire peri- 
od between 25 and 29 March. 

The morphology of these features indi- 
cates that they each were produced by an 
interaction between gas flows from the 
nucleus and another region of locally in- 
tense outgassing in the tail. Because the 
structures of the large arc were always 
smaller than the local collisional mean 
free path (26), the gas molecule trajecto- 
ries were ballistic, and hydrodynamic 
techniques cannot be used to model them. 
Instead, a gas-kinetic approach is required 
to understand the interactions (27). We 
studied the relationship of nonhydrody- 
namic gas flow interactions to the ob- 

Fig. 3. Several views of the inner (7300 km on a side) coma of Hyakutake, including raw dust continuum 
(A) and CN (B) data and continuum-subtracted CN (C) and OH (D) data, are shown along with the 
best-fit DSMC simulation (E) to the processed OH image. Contrast has been enhanced with a log stretch 
on the data. The region within 350 krn of the nucleus has been obscured in each of the images to further 
improve contrast in the coma and to cover artifacts of the subtraction. In addition to the images, a 
contour plot of the DSMC model (F) is provided to show the variations in OH column density produced 
by the best-fit DSMC simulation of the arc. Distances in (F) are in units of 1000 km and the individual 
contours give the log column density of OH. The labeled contours are (a) = 14.22, @) = 14.15, (c) = 
14.03, and (d) = 13.92. A representation of the model source (e) is displayed, in its correct orientation 
relative to the comet-sun line, in the upper left of the contour plot. The labeled source is enlarged by a 
factor of five for emphasis. 

served OH arc, using a direct simulation 
Monte Carlo (DSMC) gas-kinetic model 
for cometary atmospheres that follows the 
colliding trajectories of a swarm of many 
particles (28). The two-dimensional axi- 
symmetric simulations employed a nucleus 
in interaction with combinations of sec- 
ondary sources along the tail-axis of the 
comet, including point and extended 
sources. The model assumed a water-dom- 
inated comet containing 20% chemically 
inert species with a mean mass equal to 
that of a CO molecule. Full water photo- 
chemistry was included to track the distri- 
bution of H,O, OH, H,, 0, and H, in 
addition to CO. 

The DSMC simulations reproduced the 
intensity distribution in the OH arc using 
an interaction between the nucleus and a 
single extended secondary source (Fig. 3, 
D through F). The primary source in this 
simulation produced H,O with a rate 
QHzO = s-' plus 2 X 10,' s-I with a 
part~cle mass equal to CO. The secondary 
source rate was QHzO = 2.3 X lo2' 

from a rotationally symmetric cy- 
lindrical distribution situated ~arallel to 
the comet-sun axis along a 200-km line 
centered 1250 km behind the nucleus. at 
the apex of the arc. Rotational symmetry 
was reauired to du~licate the observed 
symmetry of the arc and conical structures 
and results in a three-dimensional shape 
for the simulated arc similar to a parabo- 
loid of rotation. The DSMC simulations 
were unable to reproduce an arc from a 
secondary point source, and its formation 
appears to be dependent on the presence 
of an initially cylindrical gas distribution 
(Fig. 3F) falling off perpendicular to the 
comet-sun line, a natural consequence of a 
linearly extended source. The high con- 
trast areas of the simulated arc represent 
static regions of high gas density resulting 
from the intermingling of the two gas 
flows, not a standing shock. Because the 
mean free path for collisions increases with 
distance from the nucleus, the two simulated 
flows flow farther into one another. resultine 
in a widening of the arc with distance that E 
observed in the images. 

The DSMC simulations of the arc 
structure were also useful for evaluating 
the characteristics of the associated visible 
debris condensation and its role in the 
production of the OH and CN arcs. The 
results from the simulations, along with 
the physical characteristics of the dust 
grains in the visible condensation itself, 
collectivelv indicate that the entrained 
grains were refractory particles that could 
not have been the true source of the arc. 
DSMC simulations reproduced the arc 
structures only when the secondary source 
was coincident with the apex of the arc, 
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not 625 km antisunward of that point, 
where the observed visible condensation 
was centered. The model further indicated 

rate of 10.3 m/s during these 3 days that is 
close to the tailward velocity of the arc on 
26 March. A constant drift rate is not 
indicated by either the changing shape of 
the condensation or by the size distribu- 
tion of the entrained grains, the smallest 
of which would have been accelerated by 
radiation pressure (32). The continued 
oresence of the material on 29 March 

such grains would reflect more solar radi- 
ation than the source particles even if it 
represented only 1.0% of the total mass in 
the condensation. The rapid outgassing of 
water from these grains would push them 
tailward of the source region, where their 
remnant would be accelerated further back 
by radiation pressure (32) or outgassing of 
compounds other than H,O. This would 
account for the observed separation of the 
arc and condensation and for the snread- 

that, if the condensation were the second- 
ary source of gas, then the CN and OH 
images would have shown a corresponding 
brightness peak at its location. Instead, 
the condensation was almost completely 
removed by the subtraction of dust from 
the CN images (Fig. 3C).  Any evidence of 
it in the CN images is well within the 

indicates replenishment of the dust grains 
by an unseen source of larger particles 
unaffected by radiation pressure. 

The scenario that is most consistent 

" 

uncertainty of our subtraction technique 
(1  11, and mav not be real. 

ing out of the debris field, because the 
smaller grains would be accelerated to 

Measureinents of the grain size distri- 
bution in thecondensation region on 26 
March were performed by Tozzi e t  al. (29) 
and gave an average value of -300 km. 
The lifetime of volatile-producing parti- 
cles of this size at r ,  = 1 AU against 

with the available data is that there was a 
locally dense collection of evaporative 

" 

higher speeds by radiation. It also explains 
how a population of small grains could 
show no evidence of acceleration over 3 
davs, because the dust observed on anv 

grains with approximately centimeter-size 
or larger diameters located -1250 km be- 
hind k e  nucleus on 26 March. Our esti- 
mate of the source oarticle size distribu- 

, . 
particular date would be a transitory pop- 
ulation that was continuouslv reolenished - 

evaporation would be measured in minutes 
(20, 21 )  unless they were composed of 
pure H 2 0  ice [an improbable circumstance 
given the presence of the arc in CN, C, 
(30) ,  and probably NH, (31) emissions]. 
This is too short an H 2 0  depletion time 
scale for the grains to still be outgassing 
after having drifted ,from near the nucleus 
to their location on 26 March: indeed, it is 

tion is based on the longevity of the icy 
component of these grains, and on the 
similarity of the measured tailward drifts of 
the arc and condensation to the 10 m/s 
radial expansion velocity of the centime- 
ter-size inner coma debris (24). Solar 
heating of the source particles would pro- 
duce volatiles, which would flow away 
from the source region. and interact with 

, L 

from the larger particles. 
What is particularly compelling about 

the volatile-rich sources and their associ- 
ated arc structures is their apparent 
stealthy nature. If the condensation was 
liberated dust and not the secondary 
source, then the source region must have 
had low contrast despite producing vola- 
tiles at a rate of 23% that of the nucleus. 
DSMC simulations of various trailing con- 
densations with different viewing geome- 
tries indicated that the gas dynamic inter- 
actions observed from Hvakutake were de- 

also too short for thein to pioduce H ~ O  
over the 6-hour duration of our observa- 

- ,  

outflowing gas from the nucleus-centered 
source to oroduce the arc. The DSMC 

tions. We also observed the condensation 
spreading out along the comet-sun axis on 
26 March, with the measured center point 
of the region receding at approximately 
twice the rate of its leading edge (Fig. 4A). 
This is again inconsistent with the debris 

simulations indicate that gas densities 
near the source particles were high enough 
for convective fluid behavior, but were 
not large enough to drag along dust grains. 
Therefore, although disintegration of 
these oarticles would also liberate many 

tectable only under a ;arrow set of cir- 
cumstances. Changes in the viewing 
geometry (33), the distance between the 
sources (34), the linear extent of the 
source region, or in the relative produc- 
tion rates of the two sources reduced the 

u 

field surviving long enough to move 1500 
km. Moreover, evolution in the linear ex- 

smaller dust grains in addition to gas, 
these would stav initiallv in the vicinitv of 

tent of the source region should have 
caused corresponding changes in the shape 
and contrast of the arc that were not 
observed. A later observation of this con- 
densation, at 4:40 UT on 29 March, 
showed it 4300 km from the nucleus. This 

the source particles rather than contribut- 
ing to the development of a dust arc. This 
dust represents a good candidate for the 
visible condensation. A liberated 100-um 

contrast of simulated structures associated 
with gas-producing condensations to the 
point where they became difficult to de- 
tect. An examnle of this from Hvakutake 

radius grain would have a ratio of surface 
area to mass 10' times greater than a 1-cm 

may have bee; present in the 'form of 
another condensation 3500 km behind the 
nucleus with a surface brightness 15% of distance corresponds to a constant drift 

" 
radius parent and a dust field composed of 

Fig. 4. The positons of the t r a n g  condensations 
(A) and the bright arc (8) are shown for times near 
the end points (06:38 and 11 :41 UT) of the ob- 
sewing sequence on 26 March usng radial pro- 
f e s  taken 180" from the subsoar direction. Two 
characteristics are isolated here: the moton of the 
leading edges (LE) of these structures and the 
motlon of their center points (CP). The center 
points were determined by subtracting a linear fit 
to points on either side of the condensations, and 
then usng a feature-summng algorithm to deter- Distance from the nucleus (lo3 km) 

mine the center of the remainder. The leading- 
edge pos~tions were obtaned by Inverting the radal profles and usng a 
s imar linear-ft subtraction and feature sum technique to identfy the ~nflec- 
tion pont of the curve leadlng into the arc or condensation. Over the 5 hours 
between these observations, the arc center point moved ACP = 184 + 18 
km, correspondng to a velocity of 10.9 t 1.0 m/s, while t s  leading edge 
moved ALE = 169 i 18 km, corresponding to 10.0 2 1 .O m/s. Theveoctes 
of the leadng edges of the closer (LEI) and more distant (LE2) condensatons 
were s lmar to the arc (ALE1 = 200 t 18 km, velocity = 11 . I  + 1.0 m/s, and 

ALE2 = 230 + 27 km, velocity = 12.6 i 1.5 m/s); however, the velocites of 
the center ponts. CPl and CP2, were nearly twice that of the arc (ACPI = 

354 + 18, veloclty = 19.4 2 I .O m/s, and ACP2 = 340 t 27 km, veloclty = 

18.5 t 1.5 m/s). The differential in the CP and LE velocities indicates a 
reshaping of the debris distribution along the tail axls of the comet, consistent 
wlth the effect of radiaton pressure actng differentally on grains of different 
szes actng on a dstributed source. No broadening of the arc was detected, as 
t s  center point retreated from the nucleus at the same rate as its leading edge. 
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the brighter one (Fig. 1).  This feature 
appeared physically similar to (29) ,  and 
was moving and spreading out a t  approx- 
imately the same rate as its brighter coun- 
terpart (Fig. 4A). As with the larger con- 
densation, its morphology indicated con- 
tinual replenishment of dust grains from 
the evaporation of larger particles, but in 
this case there was no evidence for anv 
associated gas dynamical structure. The  
lack of a detectable arc associated with 
possible outgassing from this condensa- 
tion, along with the disappearance of the 
bright arc at  a similar nuclear distance on  
29 March, both' agree with the predictions 
of the DSMC model (35), and suggest the 
possibility that compact sources of volatile 
production (5 to 109% of the nucleus) 
could be common, but rarely observable, 
components of a comet coma. T h e  only 
record that  these sources existed would 
be the depleted dust grains produced by 
the disintegration of source particles, and 
this suggests a method for identifying 
candidate regions in  other cornets with 
less favorable vrewing conditions than 
'Huakutake. 

REFERENCES AND NOTES 

1. All ephemer ,~  data were supped by D. Yeo- 
mans us~ng the Naval Ancillarj/ Information Fac~llty 
prograv. 

2. S. M. Larson, 2. Sekanina. D. Levy S. Tapla, M. 
Senay, Astron. Astrophys. 187, 639 (1 987). 

3. H. U. Keler et a/. , lbld., p.  837. 
4. E. P. Mazets et a/., b id . ,  p.  699. 
5. The VIIYN [Wsconsin, ndlana, Yale, NOAO (Naton- 

al Op tca  Astrononcal Observator~es)] observatory 
1s a 3.5-m telescope located at the K~ t t  Peak Natonal 
Obsewatory (east ongtude = -1 11 "36 O', at tude 
31°57.8', and a l t ~ t ~ d e  of 2120 m). The telescope 
employs act~ve op t~ca  techniques to achieve 
ground-based seeng as good as 0.4". 

6. On 26 March 1996, we used four fllters to soa te  
specific cove t  spectra features including OH 
[v?ia\ieength of 3383 A; full v?idth at half m a x n u m  
(FVIIHM), 20 A], CN 13919 4; FWHM, 1 9 9 ~ 4 ,  and 
blue dust continuum (4875 A: FWHIIA, 75 A) emls- 
sons. We also obtaned mages w t h  a broad-band 
Harrs R filter (6461 A; FVIIHM, 1526 A), which per- 
v l t ted 0.1 s exposure tlmes that made the best use 
of a\ iaable seslng and the l ~ m ~ t e d  nons~dereal 
tracklr-g capablliles of tlie W!lYN. At the t m e  of ti le 
Hyakutake apparlt~on, the WIYN observatory was 
not equ~pped '~81th a set of the standard co-net 
flters. Vile were able to f n d  acceptable substtutes; 
howe\ier, only the OH bandpass may be consld- 
ered free of n o e c u a r  emlsson features out of the 
desred bandpass ifor exanpe,  sone  C, contam- 
lnaton was present In the CN flter bandpass). 

7. D. G. Scheicher. R.  L. Milis, D. J. Osip, S. M. Le- 
derer, Bull. Am. Astron. Soc. 28, 1389 (1 996). 

8 See W Huggns iC.R. Acad. SCI. 10, 26 (1881)l for 
d~scuss~on of the CN band and C. Fehrenbach and 
C. Arpgny [IDI~. 2778, 569 (l973)l for the OH band. 

9. Standard processng for VIIYN mages includes sub- 
traction of nstruvent b,as and d ~ v s ~ o n  by a flat f,eld 
taken the save  day as the obsewaton. Images tak- 
en before September 1996 Include an addltlona pro- 
cessng stage to account for nonlnearty at very lov?i 
I~ght le\iels that were present In the WIYN Ivager 
charge-coupled devce at the t ine  of these obsewa- 
t~ons. The correcton algor~thms were suppled cour- 
tesy of T Von Hppel (Unversty of Wsconsin) and D. 
S~lva (NOAO). 

10 To emphasize sval-scale spatial structure, each im- 
age was divided by a smoothed verson of itself The 
smoothed image was created by the application of a 
4 arc sec (20 p~xel) med~an f~lter. The rema~nder after 
thls d\ is ion conslsts of detailed features of the near- 
nuclear region, w ~ t h  a spatla scale smaller than the 
filter, that are diffcult to detect above the brlght 
background of the coma. 

11. To correctly subtract dust f r ov  CN requires know-  
edge of the ra t0  of dust contnuum emssion n the 
dust filter hand pass to that in the CN filter band- 
pass, and the contribution of e v s s o n s  from other 
molecular species, as~de from CN, that contr~hute 
to the total s~gnal in either filter. It is also necessary 
to know the atvospheric extnct~on for each Image 
used n the subtracton From ths ,  it s possihe to 
perforv an exact separation of dust and gas ev is -  
s u n  with the relation l(9asj = ligas/dust) - A - 
/(dust), where A s a constant that accounts for the 
ratlo of dust emisson n the two bandpasses. We 
were unable to use t h s  method, because our ob- 
servatons were conducted under nonphotovetric 
condtons,  and we had no n fo rna ton  about ether 
the reatve anount of dust ev l sson  or about the 
contrbuton of molecular speces, such as C,, C,. 
or CO'. ~n our d ferent  approxvatons to the stan- 
dard bandpasses used n cove t  obseq~atons. Our 
method of assuming that the projected dust jets 
w~th,n 250 k v  of the nucleus were devod of CN or 
OH emsson  gves consistent results, but t can 
lead to an oversubtracton of the dust n the areas 
where gas and dust en lsson regons overlap. The 
Importance of the oversubtraction for ti le shape 
and Intensity of the arc features was mnimal, be- 
cause these structures are present only n ti le CN 
or OH r a g e s .  We exam~ned the effect of subtract- 
n g  d~fferent percentages (225% from best fit) of 
the dust emsson  from gas mages, and, whereas 
the detailed structures n gas emsson n the diver- 
ence n a g e  are h g h y  dependent on the accuracy 
of the subtracton, t d d  not avect the general dif- 
ferences ~n spher~ca symvetry between gas and 
dust discussed here. 

12. D. C. Jev?i~tt and K. J. Meech, Astrophys. J. 317, 992 
(1987). 

13. T h s  represents the vos t  s i v p e  case for describ- 
n g  the rad~al surface brghtness B, at any project- 
ed angular dstance p f r ov  the nucleus. It assumes 
an optcally tliln coma where the gralns mo\ie at a 
constant \ieloc~ty reatlve to the nucleus, are pro- 
duced and lost at the sane rate, and do not evolve 
in ther sze dlstrbuton or scatterng effcency. Un- 
der these cond~tions, the number dens~ty of the 
grans Nir) (where r s the rad~al d~stance to the 
nucleus at ariy pon t  along a line of sight 1 )  WII 
decrease follow~ng ari Inverse square relation N(r) x 

r r 2 ,  and the equaton for the optcally thln surface 
brightness along any Ine of slght BJpj = SJN d l  
(where S IS a constant related to sze and scatterng 
of the grans) integrates to B,(pj = S'/p (where S '  IS 

a g a r  a constant). Desplte the gross s i v p ~ f ~ c a t o n s  
n p l ~ e d  n this case, most covets  dewate only 
sllglity i r o n  a photometrc angulal.proflle of B,(pj 2 

p-' over large spa ta  scales. 
14. M. R. Comb and A. H. Delsemme, Astropiiys. J. 

237, 1326 (1983). 
15. W. M. Harris, F. Scherb, M. R. Combi, B. E. A. Mue-  

er,  Bull. Am. Astron. Soc. 28, 1088 (1 996). 
16. At angles 2100' i r o n  the sunward drec ton,  an 

asymnetrj! begns to assert Itself n the \iolat~le 
radla dlstrlbdtlon that fa\iors the antsdnward heml- 
sphere, with the degree of asymmetry greatest at 
larger dstances from the nucleus Rather than re- 
flectng a devat~on from radal symvetry n the \ i o -  
atlle source dstrbutlon, the a d d t ~ o n a  s~gnal ap- 
pears to be i r o n  an unrelated local dens~ty en- 
hancement associated w ~ t h  outgass~ng n a t e r a  In 
the tall. Whereas thsfeature becones dovlnant at 
large angles f rov  the sunward dlrecton, t does not 
contrbute at angles smaller than -10O0, and can 
not expa~n  the d~fference ~n overall syvmetry be- 
tween gas and dust. 

17. Wide-f~eld observatons of the radal dstrbuton of 
neutral oxygen [O] (6300 A) emisson i r o n  Hyakutake 
w~ t l i  tlie riarrov?i band Vil~scons~n H-alpha Mapper 

(WhuM) nstruvent at the P~ne Bluff Obsen8atoy 
showed nearly perfect spher~cal syvvet ry  In the 
coma out to more than 0.5" (L. M Hai'ner, personal 
covvunicatlon). 

18. Y. K~tavura, lcarus 66, 241 (1 986) 
19. A. Korosmezv and T. 1 .  Gombos:. /bid. 84. 118 

11993). 
20. A. H. Desevme and A. Wengel, Planet. Space Sci 

18. 709 (1 970). 
21. T. Muka~, S. Mukal, H. Fechtlg, E. Grun, R. H. Giese, 

kdv. Snace Res 5 .339 !1985): M. S. Hanner, lcarus 
47, 342 (1981 ) 
See A H Delsemme and D. C. Miller [Planet. Space 
SCI. 19, '259 11971)l for discuss~on of Ci1960-I1 
Burnham; M. F A'Hearn, C. H. Thurber, and R. L. 
Millis [kstron. J. 82. 51 8 (1 977)], M. F. A'Hearn and 
J d .  Cowan [ii/loon Planets 23, 41 (1980)l. and K 
Sa~to, S sohe. N N~shioka, and T s h  jlcarus 41, 
351 (1981)l for C11975n Vilest, and R.  L. Newhurn, 
J. F. Bell, and T. 6. McCord [Astron. J. 86, 469 
(1 98 l ) l  for PIAshbrook-Jackson. 
Solar heatng rapidly Increases the tenperature o i  
the c y  gralns u n t  they reach equb r i um or be- 
come hot enough to vaporlze and break up. T h s  1s 
why larger, more reflectve grans last longer than 
small dlrty ones. Once a grain reaches t s  c r tca l  
temperature, t begins to e\iaporate w ~ t h  greater 
spher~ca s y m n e t y  than the nucleus. When n te-  
grated over an entre halo of c y  gralns, t h s  process 
produces a no re  sphercaly synvet r lc  coma for a 
comet than a nucleus source, even ~f the G H  s 
t se f  nonspherical. T h s  nechansm also accounts 
for the lack of a spherically synmetr~c dust halo. 
The gas bera ted f r ov  the c y  grans will expand 
adabatlcaly away at -0.8 k n i s  (or roughly twlce 
the thermal speed of water at the \iapor~zat,on t e n -  
perature of 193 K ) ;  however, there s not enough 
molecular drag near the smaller grains to acceer- 
ate any dust that s produced. The dust will there- 
fore reman ~n the vc in ty  of t s  parent gran unt~l  
accelerated antsunward into the tall by radiation 
pressure rather than out lnto the spherca coma. 
J. K. Harmon e? a!. , Bull. Am. Astron. Soc. 28, 11 95 
( I  996). 
M .  F. A'Hearn, Proceedings of the 1996 Asteroid, 
Cornet, and Meteor Conference, in press. 
Fluid theory pred~cts a contact d~scont~nu~ty  
between the nteractng flows, but there wII  be a 
flnite width to a b a l s t c  ~nteraction region Ilvlted by 
!he coll~s~onal mean free path. For a water produc- 
t ~ o n  of QdZ0 = 10'"-', the collisional vean  
free path w t h  distance i r o n  the nucleus 1s glven 
by X,,, = (nu)-', where n = Q,,,i(4~;r'v) IS the gas 
densty (usng u - 3 x 1 3 - ' j  cm%nd v - 3.8 km/s 
as estivates for the col l~s~on cross sectlon and 
radial flov?i velocity). Thls corresponds to a 
vean  free path of 335 km [covpared w ~ t h  the 
measured 240 k n  of the arc) at the r = 1330 km 
dlstance of the arc center pont ,  and to 14,200 k n  
at r = 6500 k v .  The scale of these values s con- 
sistent v?iith the obseved central v?iidth and widen- 
n g  of the large arc. 
The gas-k~netlc model tray not be the best approach 
for the smaller arc, because lt emanates from a re- 
gion of the coma where the mean free path (for r = 
200 k m  X,, = 13 km) s smaller than the v?idth of the 
obser~ied structures. A hydrodynamc mode solu- 
t o n  s lndlcated under these condltons. 
M. R.  C o n b ~ ,  lcarus 123. 237 (1996). 
G. P. Tozz, G. B. F~eld, E. Mannuccl P. Patrlarch~, 
R. IIA. Stanga, Bull. Am. Asiror?. Soc. 28, 1089 
(1996); G. P. Tozz~, personal covmunlcation. 
C. Lai'ont, P Rousseot J. C a r e n d ~ ,  G. Morees. 
IDI~.. p.  926. 
Because our choce of bandpass for the dust con- 
tinuum f t e r  was l i v~ ted ,  we used flters that con- 
taned s g n a  i r o n  C, and NH, contannai lon n 
addlton to dust. Smar l y ,  the Harrls R f t e r  was 
chosen for t s  broad-band h g h  throughput as op- 
posed to spectral purity, and both H,O+ and NH, 
evlss,ons are present. The presence of small 
avounts of emsson  f r ov  the arc features in these 
f~lters s a possble detecton of C, and NH, arcs In 
add ton  to CN and OH Obsevatons on 27 March 
v?i~th a narrow bandpass H2O7 f~lter showed no 

680 SCIENCE \'OL 277 1 AUGUST 1997 www.scrence~ 



e\idence of elther feature, and this argues aganst 
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Failure of Parturition in Mice Lacking the ( - I - )  (Fig. 1 ~ )  with a frequency of 25.6% 

Prostaglandin F Receptor (n = 262), indicating that mice lacking FP 
develop normally. X-Gal staining of 6-ga- 
lactosidase in homozygous mice showed 

Yukihiko Sugimoto, Atsushi Yamasaki, Eri Segi, that the targeted allele was expressed in the 
Kazuhito TSU boil Yoshiya Aze, Tatsuya Nishimura, Hiroji Oida, corpora lutea in ovaries (Fig. 1C) (4), as is 

Nobuaki Yoshida, Takashi Tanaka, Masato Katsuyama, FP ( 2 ) .  Disruption of the FP gene was ver- 

Ken-yuh Hasumoto, Takahiko Murata, Masakazu Hirata, ified in the ovary by both Northern (RNA) 
blot analysis and radioligand binding assay 

Fumitaka Wshikubi, Manabu Negishi, Atsushi Ichikawa," (5). FP ~ R N A  expression was reduced in 
Shuh Narumiya 

Mice lacking the gene encoding the receptor for prostaglandin Fzm (FP) developed 
normally but were unable to deliver normal fetuses at term. Although these FP-deficient 
mice showed no abnormality in the estrous cycle, ovulation, fertilization, or implantation, 
they did not respond to exogenous oxytocin because of the lack of induction of oxytocin 
receptor (a proposed triggering event in parturition), and they did not show the normal 
decline of serum progesterone concentrations that precedes parturition. Ovariectomy at 
day 19 of pregnancy restored induction of the oxytocin receptor and permitted suc- 
cessful delivery in the FP-deficient mice. These results indicate that parturition is initiated 
when prostaglandin Fza interacts with FP in ovarian luteal cells of the pregnant mice to 
induce luteolysis. 

Prostaglandins (PGs) mediate various phys- 
iological processes such as fever genera- 
tion and inflammation ( 1 ) .  Aspirin and 
related drugs act through inhibition of PG 
biosynthesis. The prostaglandin PGF2, is 
implicated in reproductive functions such 
as ovulation, luteolysis, and parturition. 
Actions of PGF2, are mediated by the 
PGF receptor (FP), which is a hetero- 
trimeric guanosine triphosphate-binding 

Y. Sugvoto ,  A. Yamasakl, E. Seg, K. Tsubol, M. Kat- 
suyana. K Hasumoto, M. Neqshl. A. Ichkawa, Depart- 
ment of Phys~olog~cal Chevs&, Faculty of Pharvaceu- 
t c a  Scences, Kyoto Un\iersty, Kyoto 606, Japan. 
Y Are, T. Nlshlnura. H Olda, Fuku Research lnstltute, 
Ono Pharvaceuiical Covpany, Llmlted. Fuku 913. 

protein (G  protein)-coupled rhodopsin- 
type receptor specific to this PG (2 ) .  To 
examine the physiological fi~nction of 
PGF,,, we disrupted the gene encoding FP 
in mice by homologous recombination. 

A targeting vector was constructed in 
which the coding region of the second exon 
of the FP gene could be replaced with the 
P-galactosidase and neornycin resistance 
genes (Fig. 1A) (3). Heterozygous rnice 
(-It), when crossed, yielded homozygotes 

heterozygous mice and absent in homozy- 
gous mice (Fig. ID). Specific [3H]PGF,, 
binding in a crude membrane preparation of 
the ovary (mean 2 SEM, n = 8)  was 
121.3 f 4.8 f~nol per milligram of protein, 
38.7 ? 1.6 finol/mg, and below the limit for 
detection for wild-type, heterozygous, and 
homozygous mice, respectively. Homozy- 
gous FP mice also lacked the normal ileac 
contractile response to PGF,, (Fig. 1E). 

Hornozveous mutant mice were healthv. ," 
No gross abnormalities were found in mu- 
tant animals in their general behavior, gen- 
eral appearance, or tissue histology, or from 
biochemical and hematological examina- 
tion. Ho~nozygous males were normal in 
their reproductive ability. Although PGFZ, 
is critical to luteal regression in ovine and 
sow (6) and FP is expressed in the corpora 
lutea of mice during the normal estrous 
cycle (Z), no change was found in the es- 
trous cycle in homozygous or heterozygous 
FP females cornpared with wild-type mice 
(Table 1). The homozygous females were 
also able to become pregnant. The number 
of corpora lutea and implants in the uterus 

Table 1. Estrous cycle, ovulation, and fel?ilization in wild-type and mutant mice. Female mice of either 
genotype were mated with wild-type males and examined at day 19 of pregnancy. Data are mean t 
SEM. 

ddiJdl I 

N. Yoshlda and T. Tanaka. Dvlslon of Molecu!ar and Genotype 
Cellular v v u n o o g y .  Research lnsttute, Osaka Medcal Variable 
Center for Maternal and Chlld Health. Osaka 590-02, +/+ 11- -/- 
Japan 
I. Murata, M Hrata, F. Ushkubl, S. Narumya. Depari- Estrous cycle, days 5.1 -+ 0.35 (n = 19) 5.4 1 0.37 (n = 14) 5.0 i- 0.32 (n = 17) 
vent  of Pharvacoogy, Faculty of Medlcne, Kyoto Un - 
versty. Kyoto 606, Japan. Number of corpora lutea 9.0 1 0.62 (n = 6) 9.2 i- 0.72 (n = 5) 9.4 = 0.45 (n = 7) 

Number of ~mplants 7.9 ? 0.96 (n = 6) 8.4 ? 1 .I0 (n = 5) 8.8 t 0.51 (n = 7) 
'To v?ihom correspondence should be addressed. 
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