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Evidence for Interacting Gas Flows and an
Extended Volatile Source Distribution in the
Coma of Comet C/1996 B2 (Hyakutake)

Walter M. Harris,” Michael R. Combi, R. Kent Honeycutt,
Béatrice E. A. Mueller, Frank Scherb

Images of comet C/1996 B2 (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.

The approach of comet C/1996 B2 (Hya-
kutake) to within 0.102 astronomical

units (AU) (1) of Earth provided ground-
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based observers with an opportunity to
monitor the characteristics of the extreme
inner coma of an active comet. Such close
encounters with comets are relatively rare,
and recent opportunities to study small-
scale (=100 km) structures near comet
nuclei have been limited except for the
IRAS-Araki-Alcock (C/1983d) apparition
and the Giotto and Vega fly-by encoun-
ters with 1P/Halley in 1986 (2-4). We
report on the results of observations per-
formed at the 3.5-m WIYN (5) telescope
on 26 March 1996, using narrow-band
filters (6) to image the structure and evo-
Jution 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 (I) from
Earth on 26 March, and this corresponds
to 77 kmf/arc sec, or 15.4 km/pixel in our
images. Observations occurred between
5:15 to 12:45 universal time (UT), which
was slightly longer than the 6-hour, 14-
min rotation period of the nucleus (7). We
alternated imaging sequences between two
filters that isolated either dust at 4850 A
(6) or resonant emission of the [B?Z* —
X25*, Av = 0} 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 continuum
sequences were interrupted at 8:10 UT for
an observation of OH [A?Z* — XTI, 0-0;
1-1} emission at wavelengths between
3064 and 3115 A (8). After standard pro-
cessing (9), each image was spatially fil-
tered to emphasize small-scale structures,
including temporally 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 (I1). 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 comae 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
(Byy:) dependence of By, ~ p~' consis-
tent with scattering of sunlight from opti-
cally thin dust with a number density
(N,,..) distribution of N o r* 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 (Bgy and Bgyy)
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
was 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 symmetric 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 (18,
19).

One possible explanation for the shape
of the gas 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
(r,) (20). The so-called icy grain halo
(IGH) model (20) postulates that these

Fig. 1. This composite sur-
face plot of four images tak-
en over 15 min on 26 March
1996 with the CN isolation
filtter (6) shows the major fea-
tures of the inner' coma in
both gas and dust. The im-
age field of view is 8100 km
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
crossing the comet-sun line .
in a parabolic shape, widen-
ing as it moves away from
the nucleus. Trailing the

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 (r,../
Touctews) - and, as they are heated by sun-
light, they will outgas over time scales of
seconds to hours. A continuously replen-
ished supply of these particles could dom-
inate gas production even when the in-
stantaneous mass of the halo is <<1% 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 =1 AU (21). Because most halo
particles evaporate very close to the nu-
cleus, an IGH will subtend an angle of <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 present around Hya-
kutake, then it could have produced the
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

Log intensity: CN filter image

large arc are two prominent extended condensations (d and e). The more distant condensation (€) was

~15% as bright as the inner one (d).
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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 velocity 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 0.0l-m icy particle exceeds that of a
1000-m nucleus (24) by a factor of 107,
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 particles contained volatile material,
and they were being continuously replen-
ished, then their total gas production

~J

104 Total Counts
~

1 2 3 4
Distance from nucleus (10* km)

Fig. 2. The two plots show the radial intensity
distributions for dust continuum (A) and CN (B) as
a function of angular separation from the subsolar
point of the comet. The different 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~°-85 for the
dust and p~0-45 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
radial p~©-45 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 Hyakutake’s
nucleus that would have been necessary to
sustain the observed water production rate
of Qu,0 > 10% 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 position 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 km 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, (b) = 14.15, (c) =
14.03, and (d) = 13.92. A representation of the model source (g) 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.
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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,0, OH, H,, O, 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
Qu,0 = 107 57" plus 2 X 10% 5! with a
particle mass equal to CO. The secondary
source rate was Qo = 2.3 X 10%8
(+10%8) from a rotationally symmetric cy-
lindrical distribution situated parallel 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 required to duplicate 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, resulting
in a widening of the arc with distance that is
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,
collectively 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
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
uncertainty of our subtraction technique
(11), and may not be real.

Measurements of the grain size distri-
bution in the condensation region on 26
March were performed by Tozzi et al. (29)
and gave an average value of ~300 wm.
The lifetime of volatile-producing parti-
cles of this size at v, = 1 AU against
evaporation would be measured in minutes
(20, 21) unless they were composed of
pure H,O 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,O 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
also too short for them to produce H,O
over the 6-hour duration of our observa-
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
field surviving long enough to move 1500
km. Moreover, evolution in the linear ex-
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
distance corresponds to a constant drift

Fig. 4. The positions of the trailing condensations
(A) and the bright arc (B) are shown for times near
the end points (06:38 and 11:41 UT) of the ob-
serving sequence on 26 March using radial pro-
files taken 180° from the subsolar direction. Two
characteristics are isolated here: the motion of the
leading edges (LE) of these structures and the
motion 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 using a feature-summing algorithm to deter-
mine the center of the remainder. The leading-

edge positions were obtained by inverting the radial profiles and using a
similar linear-fit subtraction and feature sum technique to identify the inflec-
tion point of the curve leading into the arc or condensation. Over the 5 hours
between these observations, the arc center point moved ACP = 184 += 18
km, corresponding to a velocity of 10.9 = 1.0 m/s, while its leading edge
moved ALE = 169 *+ 18 km, corresponding to 10.0 = 1.0 m/s. The velocities
of the leading edges of the closer (LE1) and more distant (LE2) condensations
were similar to the arc (ALE1 = 200 + 18 km, velocity = 11.1 = 1.0m/s, and
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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
presence of the material on 29 March
indicates replenishment of the dust grains
by an unseen source of larger particles
unaffected by radiation pressure.

The scenario that is most consistent
with the available data is that there was a
locally dense collection of evaporative
grains with approximately centimeter-size
or larger diameters located ~1250 km be-
hind the nucleus on 26 March. QOur esti-
mate of the source particle size distribu-
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
outflowing gas from the nucleus-centered
source to produce the arc. The DSMC
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 particles would also liberate many
smaller dust grains in addition to gas,
these would stay initially in the vicinity of
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-pwm
radius grain would have a ratio of surface
area to mass 10? times greater than a 1-cm
radius parent and a dust field composed of

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 spread-
ing out of the debris field, because the
smaller grains would be accelerated to
higher speeds by radiation. It also explains
how a population of small grains could
show no evidence of acceleration over 3
days, because the dust observed on any
particular date would be a transitory pop-
ulation that was continuously replenished
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 Hyakutake were de-
tectable only under a narrow 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
contrast of simulated structures associated
with gas-producing condensations to the
point where they became difficult to de-
tect. An example of this from Hyakutake
may have been present in the form of
another condensation 3500 km behind the
nucleus with a surface brightness 15% of

10? Total Counts
N

LE1

45 35 30 25 20 1.5

2.0 15 1.0 0.5

Distance from the nucleus (10° km)

ALE2 = 230 + 27 km, velocity = 12.6 = 1.5 mV/s); however, the velocities of
the center points, CP1 and CP2, were nearly twice that of the arc (ACP1 =
354 * 18, velocity = 19.4 = 1.0 m/s, and ACP2 = 340 * 27 km, velocity =
18.5 = 1.5 m/s). The differential in the CP and LE velocities indicates a
reshaping of the debris distribution along the tail axis of the comet, consistent
with the effect of radiation pressure acting differentially on grains of different
sizes acting on a distributed source. No broadening of the arc was detected, as
its 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 at 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 evaporartion of larger particles, but in
this case there was no evidence for any
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 100% of the nucleus)
could be common, but rarely observable,
components of a comet coma. The 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 comets with
less favorable vwwmg conditions than

1.

MW
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Hyakutake.
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Harris R filter (6461 A; FWHM, 1526A which per-
mitted 0.1 s exposure times that made the best use
of available seeing and the limited nonsidereal
tracking capabillities of the WIYN. At the time of the
Hyakutake apparition, the WIYN observatory was
not equipped with a set of the standard comet
filters. We were able to find acceptable substitutes;
however, only the OH bandpass may be consid-
ered free of molecular emission features out of the
desired bandpass (for example, some G5 contam-
ination was present in the CN filter bandpass).

. D. G. Schleicher, R. L. Miliis, D. J. Osip, S. M. Le-

derer, Bull. Am. Astron. Soc. 28, 1089 (19986).

. See W. Huggins [C.R. Acad. Sci. 10, 26 (1881)] for

discussion of the CN band and C. Fehrenbach and
C. Arpigny [ibid. 277B, 569 (1973)] for the OH band.

. Standard processing for WIYN images includes sub-

traction of instrument bias and division by a flat field
taken the same day as the observation. Images tak-
en before September 1996 include an additional pro-
cessing stage to account for nonlinearity at very low
light levels that were present in the WIYN imager
charge-coupled device at the time of these observa-
tions. The correction algorithms were supplied cour-
tesy of T. Von Hippel (University of Wisconsin) and D.
Silva (NOAQ).

10.

11,

14

15.

16.

To emphasize small-scale spatial structure, eachim-
age was divided by a smoothed version of itself. The
smoothed image was created by the application of a
4 arc sec (20 pixel) median filter. The remainder after
this division consists of detailed features of the near-
nuclear region, with a spatial scale smaller than the
filter, that are difficult to detect above the bright
background of the coma.

To correctly subtract dust from CN requires knowl-
edge of the ratio of dust continuum emission in the
dust filter band pass to that in the CN filter band-
pass, and the contribution of emissions from other
molecular species, aside from CN, that contribute
to the total signal in either filter. It is also necessary
to know the atmospheric extinction for each image
used in the subtraction. From this, it is possible to
perferm an exact separation of dust and gas emis-
sion with the relation /{gas) = l(gas/dust) — A =
I(dust), where A is a constant that accounts for the
ratio of dust emission in the two bandpasses. We
were unable to use this method, because our ob-
servations were conducted under nonphotometric
conditions, and we had no information about either
the relative amount of dust emission or about the
contribution of molecular species, such as Cg, Cs,
or CO™*, in our different approximations to the stan-
dard bandpasses used in comet observations. Our
method of assuming that the projected dust jets
within 250 km of the nucleus were devoid of CN or
OH emission gives consistent results, but it can
lead to an oversubtraction of the dust in the areas
where gas and dust emission regions overlap. The
importance of the oversubtraction for the shape
and intensity of the arc features was minimal, be-
cause these structures are present only in the CN
or OH images. We examined the effect of subtract-
ing different percentages (+25% from best fit) of
the dust emission from gas images, and, whereas
the detailed structures in gas emission in the differ-
ence image are highly dependent on the accuracy
of the subtraction, it did not affect the general dif-
ferences in spherical symmetry between gas and
dust discussed here.

. D. C. Jewitt and K. J. Meech, Astrophys. J. 317,992

(1987).

. This represents the maost simple case for describ-

ing the radial surface brightness B at any project-
ed angufar distance p from the nucleus. It assumes
an optically thin coma where the grains move at a
constant velccity relative to the nucleus, are pro-
duced and lost at the same rate, and do not evelve
in their size distribution or scattering efficiency. Un-
der these conditions, the number density of the
grains N(r) (where r is the radial distance to the
nucleus at any point along a line of sight /) wil
decrease following an inverse square relation Nfr) e
r=2, and the equation for the optically thin surface
brightness along any line of sight B,(p) = SN d!
(where Sis a constant related to size and scattering
of the grains) integrates to B,(p) = S'/p (where S' is
again a constant). Despite the gross simplifications
implied in this case, most comets deviate only
slightly from a photometric angular profile of B (p) «
p~" over large spatial scales.

M. R. Combi and A, H. Delsemme, Astrophys. J.
237, 1026 (1980).

W. M. Harris, F. Scherb, M. R. Combi, B. E. A. Muel-
ler, Bull. Am. Astron. Soc. 28, 1088 (1996).

At angles =100° from the sunward direction, an
asymmetry begins to assert itself in the volatile
radial distribution that favors the antisunward hemi-
sphere, with the degree of asymmetry greatest at
larger distances from the nucleus. Rather than re-
flecting a deviation from radial symmetry in the vol-
atile source distribution, the additional signal ap-
pears to be from an unrelated local density en-
hancement associated with outgassing material in
the tail. Whereas this feature becomes dominant at
large angles from the sunward direction, it does not
contribute at angles smaller than ~100°, and can
not explain the difference in overall symmetry be-
tween gas and dust.

. Wide-field observations of the radial distribution of

neutral oxygen [Ol] (8300 A) emission from Hyakutake
with the narrow band Wisconsin H-alpha Mapper
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30.
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(WhaM) instrument at the Pine BIuff Observatory
showed nearly perfect spherical symmetry in the
coma out to more than 0.5° (L. M. Haffner, personal
communication).

. Y. Kitamura, lcarus 66, 241 (1986).
. A. Korosmezy and T. |. Gombosi, ibid. 84, 118

(1990).
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47, 342 (1981).

See A. H. Delsemme and D. C. Miller [Planet. Space
Sci. 19, 1269 (1971)] for discussion of C/1960-l
Burnham; M. F. A’Hearn, C. H. Thurber, and R. L.
Millis [Astron. J. 82, 518 (1977)], M. F. A'Hearn and
J. J. Cowan [Moon Planets 23, 41 (1980)], and K.
Saito, S. Isobe, N. Nishioka, and T. Ishii [lcarus 41,
351 (1981)] for C/1975n West; and R. L. Newburn,
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Solar heating rapidly increases the temperature of
the icy grains until they reach equilibrium or be-
come hot enough to vaporize and break up. Thisis
why larger, more reflective grains last longer than
small dirty ones. Once a grain reaches its critical
temperature, it begins to evaporate with greater
spherical symmetry than the nucleus. When inte-
grated over an entire halo of icy grains, this process
produces a more spherically symmetric coma for a
comet than a nucleus source, even if the IGH is
itself nonspherical. This mechanism also accounts
for the lack of a spherically symmetric dust halo.
The gas liberated from the icy grains will expand
adiabatically away at ~0.8 km/s (or roughly twice
the thermal speed of water at the vaporization tem-
perature of 190 K); however, there is not enough
molecular drag near the smaller grains to acceler-
ate any dust that is produced. The dust will there-
fore remain in the vicinity of its parent grain until
accelerated antisunward into the tail by radiation
pressure rather than out into the spherical coma.
J. K. Harmon et al., Bull. Am. Astron. Soc. 28, 1195

M. F. A'Hearn, Proceedings of the 1996 Asteroid,
Comet, and Meteor Conference, in press,

Fluid thecry predicts a contact discontinuity
between the interacting flows, but there will be a
finite width to a ballistic interaction region limited by
the collisional mean free path. For a water produc-
tion of Q. = 10%® s, the collisional mean
free path with distance from the nucleus is given
BY Ay = (no)™!, where n = Qo /(4wr?v) is the gas
density (using o ~ 3 X 10718 o2 and v ~ 0.8 km/s
as estimates for the collision cross section and
radial flow velocity). This corresponds to a
mean free path of 335 km (compared with the
measured 240 km of the arc) at the r = 1000 km
distance of the arc center point, and to 14,200 km
at r = 8500 km. The scale of these values is con-
sistent with the observed central width and widen-
ing of the large arc.

The gas-kinetic model may not be the best approach
for the smaller arc, because it emanates from a re-
gion of the coma where the mean free path (for r =
200km, A, = 13 km) is smaller than the width of the
observed structures. A hydrodynamic model solu-
tion is indicated under these conditions.

M. R. Combi, fcarus 128, 207 (1996).

R. M. Stanga, Bull. Am. Astron. Soc. 28, 1089
(1996); G. P. Tozzi, personal communication.

C. Laffont, P. Rousselot, J. Clairemidi, G. Moreels,
ibid., p. 926.

Because our choice of bandpass for the dust con-
tinuum filter was limited, we used filters that con-
tained signal from C, and NH, contamination in
addition to dust. Similarly, the Harris R filter was
chosen for its broad-band high throughput as op-
posed to spectral purity, and both H,O* and NH,,
emissions are present. The presence of small
amounts of emission from the arc features in these
filters is a possible detection of C, and NH,, arcs in
addition to CN and OH. Observat\ons felg] 27 March
with a narrow bandpass H,O* filter showed no
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evidence of either feature, and this argues against
the possibility that either an ion or dust arc was
present.

32. Dust and small fragments are subject to gravity, ra-
diation pressure, and outgassing. The gravitational
force Fg = GM[4ma3p/3]r,,~2 is counterbalanced
by radiation pressure 5 = L,Q,.a%/4r%c] and a
less defined outgassing force £, = mv,Q,,,0, where
L and M, are the solar mass and luminosity, a is the
radius of the particle, r,, is the heliocentric distance,
Qy, is the radiation interaction efficiency, Q. is the
water production rate, m is the mass per ou%gassed
molecule, ¢ is the speed of light, and v, is the vec-
tored average velocity of outgassed volatiles (0 m/s
for spherical symmetry). The motion of particles larg-
er than several millimeters is dominated by gravity,
and they tend to stay co-orbital with the nucleus until
they get close to the Sun, where Q,,,, increases to
the point tha{>outgassing becomes a significant
force.

33. Successive runs of the DSMC model indicated that
the contrast of these interaction regions is a maximum
for a sun-comet-Earth (SCE) angle near 90°, and that
visibility drops rapidly away from this geometry. The
arc seen on 26 March would have been undetectable
for viewing geometries of 45° > SCE > 135°.

34. As discussed (26), the dimensions of the contact
discontinuity between the two flows is dependent on
the local collisional mean free path, which increases
as r2 away from the nucleus. As a result, volatile
sources close to the nucleus will generate interaction
regions with more compact dimensions than more
distant sources.

35. An arc associated with the secondary condensa-
tion at 3500 km would have a width at its apex of
more than 3000 km, with its surface brightness
reduced by a factor of 12 relative to what it would
have been at the location of the bright arc. Assum-
ing that the brightness of the visible dust conden-
sation accurately mirrors gas production (15%),

Failure of Parturition in Mice Lacking the
Prostaglandin F Receptor

Yukihiko Sugimoto, Atsushi Yamasaki, Eri Segi,
Kazuhito Tsuboi, Yoshiya Aze, Tatsuya Nishimura, Hiroji Oida,
Nobuaki Yoshida, Takashi Tanaka, Masato Katsuyama,
Ken-yuh Hasumoto, Takahiko Murata, Masakazu Hirata,
Fumitaka Ushikubi, Manabu Negishi, Atsushi Ichikawa,*
Shuh Narumiya

Mice lacking the gene encoding the receptor for prostaglandin F,  (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 F,, 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 PGF,,, is
implicated in reproductive functions such
as ovulation, luteolysis, and parturition.
Actions of PGF,, are mediated by the
PGF receptor (FP), which is a hetero-

trimeric guanosine triphosphate—binding
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protein (G protein)—coupled rhodopsin-
type receptor specific to this PG (2). To
examine the physiological function 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
B-galactosidase and neomycin resistance
genes (Fig. 1A) (3). Heterozygous mice
(—/+), when crossed, yielded homozygotes

~

then this source would produce an arc with 1% of
the surface brightness of the brighter source. This
would not have been detectable in our images.
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(—/-) (Fig. 1B) with a frequency of 25.6%
(n = 262), indicating that mice lacking FP
develop normally. X-Gal staining of B-ga-
lactosidase in homozygous mice showed
that the targeted allele was expressed in the
corpora lutea in ovaries (Fig. 1C) (4), as is
FP (2). Disruption of the FP gene was ver-
ified in the ovary by both Northern (RNA)
blot analysis and radioligand binding assay
(5). FP mRNA expression was reduced in
heterozygous mice and absent in homozy-
gous mice (Fig. 1D). Specific PH]PGF,,,
binding in a crude membrane preparation of
the ovary (mean = SEM, n = 8) was
121.3 * 4.8 fmol per milligram of protein,
38.7 + 1.6 fmol/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).
Homozygous mutant mice were healthy.
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. Homozygous males were normal in
their reproductive ability. Although PGF,,
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 (2), no change was found in the es-
trous cycle in homozygous or heterozygous
FP females compared 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 fertilization 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 =

SEM.
Genotype
Variable
+/+ +/— —/=
Estrous cycle, days 510350 = 54 =037 (n=14) 50x032hn=17)

1
Number of corpora lutea 9.0+062n=6
Number of implants 6

14 17
9.2 +0.72(n = 5) 9.4+ 045 =7)
8.4 =110 (n = 5) 7)






