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We compare images of Comet Hale–Bopp (1995 O1) in HCN and
CN taken near perihelion (April 1, 1997) to determine the origin
of CN in comets. We imaged the J = 1 → 0 transition of HCN at
λ = 3 mm with the BIMA Array. Data from two weeks around peri-
helion were summed within four phase bins based on the rotational
period of the comet. This increases both the signal-to-noise ratio
and the u–v coverage while decreasing the smearing of the spatial
features. The similarly phased narrowband CN images were taken
at Lowell Observatory within the same range of dates as the HCN
images. We find that there is a better correlation between HCN and
CN than between HCN and the optically dominant dust. If the CN
in jets does have a dust source it would have to have a very low
albedo and/or small particle size. The production rates are consis-
tent with HCN being a primary parent of CN, although there are
discrepancies between the HCN destruction scalelength and the CN
production scalelength which we discuss. c© 2002 Elsevier Science (USA)

Key Words: comets; Hale–Bopp; photochemistry; radio observa-
tions; data reduction techniques.
1. INTRODUCTION

The source of the CN in comets has long been a mystery. Since
the announcement of the detection of HCN in Comet Kohoutek
(C/1973 E1; Huebner et al. 1974) and confirming detection in
1P/Halley (Despois et al. 1986, Schloerb et al. 1986, Bockelée-
Morvan et al. 1987, Winnberg et al. 1987), HCN has been the
most frequently suggested parent for CN. Its photodissociative
branching ratio, in which 97% of HCN becomes H + CN, ap-
pears to make this species the obvious candidate (Huebner et al.
1992). However, there have been several challenges to the claim
that HCN really fulfills all of the requirements for the CN parent.
There have been several sources for CN suggested in addition to
HCN, but so far none of these possibilities has given the com-
plete answer. The source for CN must(1) be able to produce the
highly collimated jets observed in some comets, (2) be consis-
tent with the observed CN parent scalelength, and (3) have a
production rate consistent with the observed CN production.

CN jets were first observed in 1P/Halley (A’Hearn et al. 1986).
At the time it was unclear whether a gaseous source would dif-
fuse too quickly to produce such jets, and so a dust or CHON
particle source was suggested. The CHON grains are composed
primarily of carbon, hydrogen, oxygen, and nitrogen and have
little to no silicate component. They were first discovered in
comets by the mass spectrometer experiments that flew on the
Giotto and Vega spacecraft and were found to be very small (on
the order of 10−16 g) (Kissel et al. 1986a,b). This small size
means that most of these particles are not observed in optical
reflected sunlight. For the CHON particles to produce a radical
such as CN, the CN would have to directly photodissociate from
molecules on the surface of the grain, photo-sputter off the sur-
face, or have a parent which vaporizes from the grain and has

an extremely short lifetime (τ < 1000 s; A’Hearn et al. 1986,
Combi 1987).
ET AL.

Modeling subsequent to the discovery of CN jets showed that
a gaseous source such as HCN could produce the collimation
of the observed features (Combi 1987). Combi’s Monte Carlo
modeling showed that a parent gas jet cone would expand at a
slowly increasing rate within the collision zone. Then once the
gas had reached the free-flow region the diffusion rate would in-
crease rapidly, approaching a constant value. Typical half cone
angles of the jets (25–30◦) were found to be consistent with
those observed in P/Halley (Combi 1987). A gaseous source,
however, could not explain the observed radial profiles of CN
along the jets. Klavetter and A’Hearn (1994) showed that al-
though the diffuse component of CN was consistent with pro-
duction from photodissociation from a gas parent, the jet com-
ponent of CN required an extended source to produce its ob-
served profile. An extended source is a source other than the
nucleus or a gas parent. The behavior seen by Klavetter and
A’Hearn (1994) in P/Halley may not occur in all comets, how-
ever. Boehnhardt and Birkle (1994) believed that the CN jets
in P/Swift–Tuttle were consistent with their having an entirely
gaseous source.

The CN parent scalelength has been fit from the CN ra-
dial profiles in many comets (cf. Combi and Delsemme 1980b,
Newburn and Spinrad 1984, Randall et al. 1992 as quoted by
A’Hearn et al. 1995). The value fit with Haser models (Haser
1957) has varied between 1.2 × 104 and 2.2 × 104 km at a he-
liocentric distance of 1 AU. Bockelée-Morvan and Crovisier
(1985) pointed out that these values appear to fall short of the
theoretical HCN scalelength and suggested that either C2N2 or
HC3N has a more appropriate scalelength for the CN parent than
HCN. However, the physical relevance of scalelengths from the
Haser model can be questioned.

The HCN destruction scalelength was measured in Hale–
Bopp by Wright et al. (1998). Their measurement of 8.8 ×
104 km is consistent with Crovisier’s (1994) theoretical pho-
todissociation rate for HCN of 1.5 × 10−5 s−1 and our mea-
sured HCN outflow velocity of 1.2 km s−1 (see Section 3.3).
Although the CN-parent scalelengths measured in Hale–Bopp
are longer than previously observed, there is still a large discrep-
ancy between the HCN scalelength and the CN-parent scale-
length.

The final factor to consider is whether the proposed par-
ent species can produce the observed production rate of CN.
Bockelée-Morvan et al. (1984), showed that the production rate
of CN in Comet IRAS–Araki–Alcock (1983 H1) was higher than
the sensitive upper limit for the HCN production rate. In Comets
Austin (1989 X1) and Levy (1990 K1) the CN abundances
were about a factor of 10 higher than the HCN abundances
(Crovisier et al. 1993, A’Hearn et al. 1995). This indicates that
a parent in addition to HCN is required. However, in the case of
Halley, the production rates may be inconsistent since different
models were used to calculate production rates, and nonsimul-
taneous data were compared when there was large time variabil-

ity in the production rates (Schloerb et al. 1987). It is possible
that different comets have different primary sources of CN and
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that for some HCN is the primary parent, while for others it
is not.

Other than HCN there are several possible molecular parent
species for CN, including C2N2, HC3N, and CH3CN. Of these,
C2N2 has not yet been discovered in a comet, and the production
rates of HC3N and CH3CN in C/Hale–Bopp are about 10 times
lower than that of HCN (Bockelée-Morvan et al. 2000). Though
HC3N and CH3CN are certainly not the primary parent of CN
due to the production rate constraint, it is still possible that C2N2

could play an important role. This molecule is difficult to ob-
serve, however, as the only observable C2N2 lines are fairly weak
transitions in the near infrared (Bockelée-Morvan and Crovisier
1985). No upper limits constraining the C2N2 production rate
have been published yet.

HNC was discovered in Hyakutake (C/1996 B2) and is another
potential additional source for CN. It has been shown by Irvine
et al. (1998) and Rodgers and Charnley (1998) that in a produc-
tive comet like Hale–Bopp, HNC can be primarily formed in the
coma from gas-phase reactions between HCN and H. Therefore,
HNC is probably not a significant nuclear source for CN in Hale–
Bopp. Additionally, most of the HNC is formed sufficiently far
from the nucleus (Irvine et al. 1998) that our measurements of
the total HCN production should not be significantly affected by
the loss of HCN to HNC. However, because chemical models
cannot reproduce the amount of HNC seen in less active comets
such as Hyakutake (Rodgers and Charnley 1998), its origin and
potential role in producing CN in the coma is not yet completely
understood.

Several authors have found that CN production rates are more
strongly correlated with the dust than with the water production
rates in many comets. In their study of 25 comets Newburn and
Spinrad (1989) found a linear relation between the CN and dust
production rates, but since CN was also present in comets with
low dust activity, they concluded that it probably had both a gas
and a dust source. More recently A’Hearn et al. (1995) found
similar results from their photometric database of 85 comets,
though the CN-to-dust production correlation did not hold up in
all comets observed. The observed correlations suggest that at
least some CN originates from dust grains.

HCN was imaged in Hyakutake both by Despois et al. (IAUC
6388, 1996) and by Lovell (1999), but it is the observations of
HCN jets in comet Hale–Bopp combined with the near simulta-
neous CN imaging that has given us the opportunity to address
all three of these issues in more detail. Imaging showing the
extended structure of HCN allows us for the first time to exam-
ine the morphologies of both HCN and CN to determine whether
they are consistent with the CN in jets having an HCN parent.
We can also examine the overall production rates and scale-
lengths of each with these data sets. It is important to remember
that Hale–Bopp was much more active than the comets we usu-
ally observe; therefore it has a larger collision zone and more
chemistry is likely to be occurring in the coma than normal.

Whatever these data reveal about the CN parent may be unique
to Hale–Bopp.
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2. OBSERVATIONS AND REDUCTION

We obtained data over a period of several weeks near perihe-
lion on April 1, 1997. During this period the comet had at least
three prominent jets. In the gaseous species, one of these jets
produced a complete spiral which corresponded to production
over several cometary rotations and indicated that the source
location on the nucleus of that jet never became cold enough to
turn completely off (Fig. 1). We also have images of the dust in
the blue continuum (4450 Å) during this time. Since complete
spirals are not easily seen in the dust, the source location of the
gaseous spiral jet probably sees sunset, but perhaps remains in
twilight; thus it never gets cold enough for the outgassing to
completely stop although its production rate is reduced enough
to no longer lift dust off the surface. We observed these structures
in CN at optical wavelengths contemporaneously with HCN at
radio wavelengths.

Table I lists all the observations used in this analysis. We
have restricted our data set to observations from an approx-
imately two-week period near perihelion (March 18–April 4,
1997) to minimize effects due to changes in the spatial scales
and viewing aspect during the period in which data are directly

FIG. 1. This CN image from March 25 has had an azimuthal average
subtracted to enhance the jets. The box is a 120 × 120′′ square, representing the
size of the HCN images shown in Section 3 and following. Hale–Bopp has at
least three jets, which, because of the rotational pole position, the location of
the jets on the nucleus, and our viewing angle, appear to overlap each other near
the nucleus and are indistinguishable from each other in a single image. The
overlapping jets are seen to the lower right, inside the box. One of the jets stays
on throughout the cometary day, however, and can clearly be followed out in a

complete spiral over nearly 700 degrees. North is to the top and east to the left
in this and all other images shown.
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TABLE I
CN and HCN Observations

Date r � PA
a Aspectb HCN CN
(UT) (AU) (AU) (◦) (◦) (UT time) (UT time)

March 18/19 0.946 1.322 353 64 12:30–01:30
March 19 0.942 1.319 355 63 19:00–23:00
March 25 0.922 1.319 8 54 13:30–15:15 03:06
March 27 0.918 1.325 13 51 01:30–04:00 02:54
March 28/29 0.916 1.332 15 49 20:15–04:15 02:45
March 29/30 0.915 1.338 18 47 13:30–04:30
March 31 0.914 1.344 22 46 02:52
April 1/2 0.914 1.359 25 44 22:15–04:00
April 3/4 0.916 1.376 31 41 14:15–04:30

a Solar position angle.
b Angle between the pole and the line of sight for the assumed pole position

of RA = 275◦, Dec = −50◦ (Licandro et al. 1997).

averaged. During this time frame, the spatial scale changes by
only a few percent in kilometers per pixel (the scale is 1000 km
pixel−1 in the HCN images), so spatial smearing is a minor
issue.

Our HCN images of the J = 1 → 0 transition at
88.63185 GHz were made with the BIMA Array1 at Hat Creek
Observatory. The array consisted of nine 6.1-m antennas in a
compact configuration, resulting in a synthesized beam size
of ≈9′′. The data were reduced using MIRIAD (multichannel
image reconstruction image analysis and display) for calibra-
tion, inversion to the image plane, and deconvolution (Sault
et al. 1995). The velocity resolution in the data used here was
0.33 km s−1. However, individual velocity planes had an in-
sufficient signal-to-noise ratio (S/N) to give meaningful results.
Therefore the images used in this analysis are integrated in-
tensity images. They were created by summing over the F =
2 → 1 and F = 1 → 1 hyperfine components of the transition.
The F = 0 → 1 component of the J = 1 → 0 transition was
omitted due to a low S/N in that line. An analysis of the
complete BIMA HCN data set can be found in the paper by
Veal et al. (2000), while an examination of the simultaneous
mosaics of HCN and HCO+ together with discussion of HCN
scalelengths can be found in the paper by Wright et al.
(1998).

Comets are dynamic objects, with constantly changing mor-
phologies. This poses a true challenge for interferometric tech-
niques which require emission to be constant over the synthe-
sizing period. The traditional approach to creating images is to
use all of the visibility data from a day’s observing to create a
single image. The best u–v plane coverage, and therefore the
least distortion in the image due to incomplete sampling of the

u–v plane, comes from summing an entire track from rise to
set of the comet. This technique also gives the best S/N in the

1 The BIMA Array is operated by the Berkeley–Illinois–Maryland Associa-
tion under funding from the National Science Foundation.
Y ET AL.

diffuse gas emission. This diffuse component has a relatively
constant morphology and is well fit by a Haser spherical out-
flow model, though its peak intensity changed by as much as
25% on time scales as short as 2 h (Veal et al. 2000). Over-
all, the diffuse component accounts for 80–90% of the the flux
observed.

Information about the gas in jets, however, would be lost if
data were summed over an entire track because this time period
is comparable to the rotation period of the comet, and the jet
morphology varies through a complete cycle in this time. If the
data are summed over a small fraction of the rotation period, the
effects of the comet’s rotation are reduced, but the limited u–v

coverage can distort the image. Additionally, with less integra-
tion time per image, S/N is reduced.

In Comet Hale–Bopp we can address this problem because the
comet has a well-determined rotational period of 11.309 h and
the morphology is consistently repeated from one rotation to the
next at any one rotational phase over a several-week period near
perihelion (Farnham et al. 1997, Jorda et al. 1997, Licandro et al.
1998). Therefore, to reduce spatial smearing of the jets, increase
the signal-to-noise ratio, and increase u–v coverage at each ro-
tational phase, we have taken all of our data over two weeks
around perihelion and divided them into four rotational phase
bins (Fig. 2). Zero phase is defined at perihelion: 3:18:43 UT,
April 1, 1997, and our rotational phase bins are bounded by
0.00, 0.25, 0.50, and 0.75 phase. Smaller bins in the rotational
phase would have been desirable but would have required more
data or data with higher S/N than were available to retain the
same quality of the images. The current choice represents a
compromise, maximizing S/N and u–v coverage while minimiz-
ing the spatial smearing of the jets. Four rotational phase bins
yielded at least 4-σ detections of the extended morphology at all
phases. The data within each rotational phase bin are inverted
together as if they were a single observation. Thus we create four

FIG. 2. The times of our CN and HCN observations. Division of the data
into phase bins is shown. The shaded bars represent the HCN data, while the
filled circles are the times for the CN data used in this analysis. Zero phase was
set at perihelion on April 1, 1997, 3:18 UT. Bins of one-quarter rotation were

chosen to maximize the signal-to-noise ratio and u–v coverage while minimizing
effects from spatial smearing.
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images, each averaged over one-quarter of the comet’s rotation
period.

Our CN and blue continuum dust images were taken at the
Lowell Observatory 42-in. Hall telescope on Anderson Mesa.
We used a blue-sensitive SITe 2K CCD in a 2 × 2 binned mode.
The plate scale of the images is 1.14′′ per pixel while the average
seeing was 2–3′′. The 19′ field of view extends far beyond the
effective size of the HCN images.

To isolate the CN emission from the comet we used a nar-
rowband filter with a FWHM of 62 Å centered on 3870 Å from
the Hale–Bopp filter set. This isolates the CN �v = 0 band of
the (B2	

+ → X2	+) transition which is excited by solar fluo-
rescence. Exposure times were typically 10 s. Calibration and

FIG. 3. The image enhancement technique used in this paper is azimuthal
average subtraction. The scale of the jets relative to the original images is
shown here. The peak brightness of each image was normalized to 1 before
enhancement. The average radial profile is calculated and then turned into a
two-dimensional image, which is subtracted from the original image. This re-
moves the radial falloff which dominates images, leaving only the jet structure.
The primary advantage of this technique is that it does not affect the location
of where jets appear in the enhanced images. The plots show a radial profile
from the original and the enhanced image in the sunward direction for HCN,
blue continuum, and CN. An anti-sunward cut is also shown for the original im-
ages to demonstrate the differences in the asymmetry for the different species.

The brightest of the jets are generally 8–15% of the original peak brightness, or
10–30% of the original brightness at the radius of the jets.
CN IN COMET HALE–BOPP 197

continuum subtraction of the images was done using the method
outlined by Farnham et al. (2000).

The dust images used both for continuum subtraction from
the CN images and for comparison to the HCN and CN mor-
phologies were also taken with a narrowband filter from the
Hale–Bopp filter set. The blue continuum filter has a FWHM of
67 Å and is centered at 4450 Å. At this wavelength the dust is
seen in reflected sunlight. Typical exposure times were 2–5 s. To
facilitate comparison of the optical images to the binned HCN
images, we have chosen representative images for both CN and
dust with phases that fall near the center of each HCN phase bin
(see Table I).

Many of the images throughout this paper have been enhanced
so that we can see the jets in the images. The technique used
here is to compute an azimuthally averaged radial profile of
the image, then to turn the radial profile back into an array,
and then to divide or subtract the new image from the original.
The advantages to this technique are that the jet locations are
not affected by the processing and the sunward/anti-sunward
asymmetries also remain. The intensity of the jets relative to the
original images is shown in Fig. 3. The brightest of the jets are
8–15% of the original maximum brightness and 10–30% of the
original brightness at 10,000 km.

3. ANALYSIS

3.1. Observational Effects

Our two data sets give us a unique opportunity to use mor-
phology to examine the parentage of CN. For the first time we
can look at where the HCN is in the coma to determine whether
it is consistent with the CN jets having an HCN parent.

There are several important differences between our two data
sets which constrain how we can interpret them. Our radio im-
ages have significantly lower sptial resolution than the optical
images, and features have been blurred both spatially and tempo-
rally. Additionally, the radio and optical images utilize different
samplings of the u–v plane. The radio data have incomplete
coverage, containing only the portion filled in by the nine anten-
nas (36 baselines) over the time of the observations, while each
optical image has essentially complete u–v coverage.

The radio images have a synthesized beam of 9–10′′, while
the optical images are limited by the effective seeing of 2–3′′.
Additionally, the optical images represent a very brief snapshot
of the comet. They cover such a small fraction of the 11.3-h
rotation period that there is no blurring due to motion of the gas.
In contrast, the phase bins for the HCN images represent almost
3 h of time. In that time the radial outflow of the gas near the
nucleus in the plane of the sky is 10–12′′, as measured on optical
images of CN at 40,000 to 50,000 km from the nucleus. A third
factor affecting the resolution is that we have summed data at
the same phase from several cycles and the orientation of the

comet on the sky has changed slightly during this period. If we
use the pole position fit by Licandro et al. (1997; RA = 275◦,
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Dec = −50◦) we calculate that the aspect angle, the angle be-
tween the pole and the line of sight, has changed by 21◦ over the
course of our observations. As shown by Samarasinha (2000),
a change this small in the aspect angle will have little effect
on the morphology of the coma when the active regions on the
surface are large, as is believed to be the case for Hale–Bopp
(Samarasinha et al. 1997). Another geometric effect is that the
solar position angle changes by 40◦ during the time period over
which we sum data. If we were studying the tail this would re-
sult in significant smearing; however, we can tell from the optical
images that this has little effect on the jets from cycle to cycle
during our interval. The aspect angles and solar position angles
are listed in Table I. Since the successive cycles of rotation of
the primary optical gas jet are separated by ≈20′′ it would be
reasonable to expect that any HCN jets would have similar sep-
aration and that the detection of individual jets would be at the
limits of our resolution. What we see in our HCN data are the
jets smoothed together by the convolving function created by
the above factors.

The benefit of adding together data at the same phase from
several cycles is far greater than the loss from adding additional
smearing. It greatly increases the signal-to-noise ratio in the
individual images and increases our u–v plane coverage. There-
fore, the effects of structural artifacts caused by incomplete u–v

plane coverage are greatly reduced.
Despite the increased coverage, we must still investigate the
effects of u–v plane coverage on the morphology of the jets. To To demonstrate how u–v coverage affects our images, one

do so we have taken a blue continuum dust image and sampled

FIG. 4. A blue continuum dust image of P/Hale–Bopp at 4450 Å taken on March 25, 1997 has been sampled with the same u–v coverage contained in
our phase-0.125 data. Panel A shows the original image, and panel B shows the image after it has been sampled. The beam (10.3 × 8.5′′) is shown in the lower
left corner of the sampled image. Dust was chosen because its large-scale 1/ρ falloff is similar to that of a parent molecule. This shows the effects of looking

dust image has been sampled with the u–v coverage for each of
at the comet with the interferometer. The ring seen around the central emission
lines.
ET AL.

it with the same u–v coverage as in our HCN images. We have
chosen to use a dust image, rather than a CN image, because the
radial profile of the dust more closely approximates the radial
profile of a parent species like HCN, than does that of a daughter
species like CN. This allows us to examine the effects of the u–v

sampling on the large-scale structure of the HCN.
The original dust images, those from before the application of

reductions to enhance jet features, were used as a model for what
a comet looks like in the sky plane (Fig. 4a). First, noise was
added to these images to give them a S/N similar to that found in
the HCN images. Then, given the position of the comet in the sky,
and the antenna baselines over the time of the observations, we
calculated which spatial frequencies were sampled and created
a visibility data set for the dust. Therefore, we see the dust as
we would have if we had observed it with the interferometer.
We used routines available in the MIRIAD package for this
modeling.

Once the data were sampled, the resultant visibilities were
Fourier transformed to bring the data back into the image plane.
This result was cleaned in the same manner as for the HCN
images. The result for phase 0.12 is shown in Fig. 4b. The central
peak now sits in the familiar bowl of a structure that has had flux
resolved out due to the missing short baselines. The array cannot
detect flux that is smooth on scales larger than about 10 times
the synthesized beamwidth because we do not have data from a
zero-length baseline.
in panel B is evidence that flux has been lost due to the lack of short base-
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FIG. 5. A single dust image has been sampled with each of the four u–v

coverages. Before sampling, the image was rescaled so that the dust jets would
have spacings similar to those of the gas jets. The large-scale structure in the
rescaled image remains close to the type of radial profile we would expect for
HCN. An azimuthal average has been subtracted from the images to more clearly
show how differing u–v coverage affects the jet structure.

the four phase bins. The results are shown in Fig. 5. This image
was rescaled before the sampling was done, so that the dust jets
had the same spatial scales as the optical gas jets. We again use
dust for this comparison, because even with the rescaling, the
large-scale structure is more similar to that of HCN than that
in the CN images would be. Additionally, since the dust jets
are more sharply defined than the gas jets, it is easier to see the
differences in these images. To enhance the jet structure, these
images are shown with an azimuthally averaged radial profile
subtracted. The differences seen are the result of the variation in
the synthesized beam and side lobes, caused by the unique u–v

coverage in each phase bin. Since all four phase bins have good
coverage, the changes are slight but clearly present.

More significant than the effects of changing u–v coverage
is how the jet structure at all four phases has changed from the
original optical images. Figure 6, column A shows a set of CN
images, one corresponding to each bin of rotational phase, and
each overlayed with its u–v sampled counterpart. To enhance
the jets an azimuthal average was subtracted after the sampling
from both the original images and the sampled images. The jets
have been smeared together in the sampled images as expected.
However, the locations of the peaks of the jet emission have also
moved slightly radially outward. This is most evident at phases
0.125 and 0.625.

This radial shift is at least in part explained by the overall

radial profile of the coma. Figure 6, column B shows the same
data, sampled after the average radial profile was removed. In
CN IN COMET HALE–BOPP 199

this case there is almost no radial shift. The radial shift seen in
column A, as well as the corresponding radial shift which will be
in the HCN data, is probably due to sampling a steeply varying
function with low resolution; this is similar to the effects seen in
observations of Jupiter’s synchrotron radiation (Dulk et al. 1997,
de Pater and Sault 1998). This shift must be remembered when
comparing the CN to the HCN images. Despite the challenges
in interpreting these data, they reveal far more about the nature
of the HCN morphology than we have ever seen before.

3.2. Comparison of HCN and CN Morphology

To understand the relationship of HCN to other species in
the coma, we compare it to both CN and the dust in the blue
continuum at 4450 Å. Figure 7 shows CN and dust images
which have been overlayed with contour maps of the HCN.
All images shown here were centered on the emission peak and
then azimuthally averaged radial profiles were subtracted to en-
hance the jets. The HCN emission peak corresponded to the JPL
ephemeris position, as was calculated after the apparition (so-
lution JPL #146). The contour intervals of the HCN overlays
each represent 2-σ steps, where σ was calculated in the original
images.

The morphologies of the CN and optical dust images are
quite different. The dust jets are more highly collimated and
spaced closer together by about a factor of 2 than the CN jets.
From the motion of the jets we derive a projected outflow ve-
locity of 1.2 km s−1 for the CN between the projected radial
distances of 40,000 and 50,000 km, while the projected veloc-
ity of the dust is correspondingly about a factor of 2 smaller.
These are lower limits for the outflow velocities at these dis-
tances. Calculation of the de-projected velocity is dependent
on both the pole position and the location of the jets on the
nucleus. While there are several published pole positions, we
do not have sufficient information about the source location
of our measured jets to calculate a meaningful de-projected
velocity.

Additionally, the dust jets are seen only as arcs on the sun-
ward side while some of the CN jets are complete spirals. When
looking at the images that have not had the jet structure en-
hanced, the dust images show a strong sunward/anti-sunward
asymmetry. CN is also asymmetric but shows significant emis-
sion on the anti-sunward side, as can be seen in the radial profiles
shown in Fig. 3 (the technique used to enhance the jets in CN
also enhances the sunward/anti-sunward asymmetry in the CN,
so it is much more visible in Fig. 7 than in the original images).
These radically different morphologies make it clear that the
optically dominant dust is not the parent of CN.

In comparing the HCN images to the CN images it is impor-
tant to remember that the most significant features are the ones
near the center of the images where the S/N is high in the original
images. The region of 3-σ or higher detection of HCN extends
to a radius of about 30′′ (30,000 km) from the peak of the emis-

sion. This limit is in part due to the primary beam response of
the interferometer. At 60 arcseconds away from the center, the
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FIG. 6. A CN image from each of the four phase bins has been sampled
with the same u–v coverage as the relevant HCN data set. The color images are
the unsampled CN data, while the contours show the u–v sampled data. Positive
contours are solid black lines and negative contours are dashed white lines. In
column A, azimuthal averages were removed from the data after the sampling,
while in column B the azimuthal average was removed from the CN image
before sampling. This shows the effect of the steep radial falloff of the coma
on the sampling. In both cases the jets have been smeared together, but in the
interferometrically sampled images in column A they have shifted radially, while

in column B, there is very little radial shifting of the peaks between the original
and the sampled image.
ET AL.

intensity measured in the radio image is about half of the true
intensity.

There is a better correlation in morphology between HCN
and CN than between HCN and optical dust. This is seen most

FIG. 7. A comparison of CN and optical dust to HCN in each of the four
phase bins. The color images are the optical data while the contours are the
radio data. Contours are drawn at 1-σ intervals (σ = 0.3 Jy) with the positive

contours in black and the negative contours in white. All images have had an
average radial profile subtracted to enhance the jets.
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strongly in phases 0.375 and 0.625 where there is an HCN peak
to the southeast. Though there are no dust jets in those locations,
in each case the HCN peak lies just inside a CN jet. This is the
same offset as we saw when comparing the CN images to their
u–v sampled counterparts. However, the correlation between
HCN and CN is certainly not perfect. There is not a strong cor-
relation between the intensities of the two species—we do not
always see HCN where the CN jets are bright. The lack of HCN
jets in these regions, however, may be due to insufficient S/N for
detection.

Having shown that the optically important dust is not well
correlated with the gas, if there is a dust source for CN it must
have some specific properties. Since a dust source of the CN jets
is not observed at optical wavelengths, the dust particles must
have a very low albedo and/or be small enough that they do not
efficiently reflect sunlight. Very small particles may also explain
how dust particles could match the high outflow velocities ob-
served in the gas jets, because small particles could be coupled
with the gas flow. The comparison of the CN and HCN mor-
phologies indicates that though some portion of the CN in jets
comes from an HCN parent, it is possible that there is a second
source for CN. This is consistent with and thus provides support
for the result of Klavetter and A’Hearn (1994), whose analysis
of CN jets in P/Halley led them to conclude that the CN jets
must have an extended source.

3.3. Scalelengths

As a test of whether HCN is the parent of CN we need to
know not only about the jet morphology but whether the bulk
radial distributions of HCN and CN are consistent as well. Festou
et al. (1998) have shown that in many comets the CN formation
scalelength appears to be much shorter than the HCN destruc-
tion scalelength. We have measured the scalelength for HCN
and modeled a parent scalelength for CN. However, we must
consider whether the model used actually provides physical in-
formation that constrains whether HCN can be the parent of CN.
In the absence of a detailed 3-D model of velocity, optical depth,
and chemistry, one usually uses simple parameterized models to
describe radial distributions.

The simplest model is the Haser model (Haser 1957). This
model describes a steady-state, spherical outflow at a constant
velocity. It comes closest to simulating the conditions for a parent
molecule, since in this case the velocity truly is purely radially
outward and there are no excess velocities from photodissocia-
tion. The Haser model is a nonphysical model for generations
beyond the parent molecule if dissociation takes place outside
of the region where collisions force all species to flow radially
outward. However, it is still a useful model for both parent and
daughter species because spatial radial profiles can usually be
empirically well fit using an appropriate pair of parent–daughter
scalelengths.
A vectorial model (Festou 1981), which allows the photodis-
sociation product fragments to have excess velocities into 4π
CN IN COMET HALE–BOPP 201

steradians rather than being entrained radially outward, works
best for fragments for which the time scale of production is much
larger than rcoll/v, where rcoll is the radius of the collision zone
and v is the parent’s velocity. When the above condition is true,
there is a mathematical relation between the parent and daugh-
ter lifetimes from the vectorial model and the scalelengths of
the Haser model (Combi and Delsemme 1980a). This requires a
knowledge of the parent outflow velocity and the excess velocity
from photodissociation of the daughter.

In Hale–Bopp the collision zone is very large. Combi et al.
(1997) estimate that it is on the order of 2.7 × 105 km as com-
pared to 1.9 × 104 km for a more typical Halley-type comet.
These values are somewhat model dependent on the species and
collisional cross- sections used in the calculations, but it is cer-
tain that the collision zone in Hale–Bopp is more than a factor of
10 larger than in typical comets. The effect of this large collision
zone is that the vectorial model becomes representative of physi-
cal conditions only at much larger distances than in most comets.
The standard vectorial model assumes that both the parent and
daughter velocities are constant with cometocentric distance,
which is not the case in Hale–Bopp since measurements of the
gas outflow show that acceleration is significant out to at least
100,000 km (Schleicher et al. 1999). Most of the region we are
interested in for the HCN–CN problem is actually in a transition
zone between the pure radial outflow of a Haser model and the
absence of a directional preference of the vectorial model. Colli-
sions are frequent enough to keep the gas preferentially flowing
outward, but there are still some photodissociation fragments
traveling in all directions. Therefore, the Haser model may be
more nearly correct for the HCN–CN problem than the vecto-
rial model because the collisions enforce a radially outward flow.
However, a Monte Carlo model of the gas outflow is required
to correctly model the transition zone since it can include both
collisions and acceleration.

The scalelength for the destruction of HCN in Hale–Bopp
was determined by Wright et al. (1998) to be 8.8 ± .9 × 104 km
from mosaiced data which included both multiple pointings of
the interferometer and zero-length baseline data. Snyder et al.
(2001) derived the same scalelength from the HCN data used in
our current analysis, showing that the loss of flux due to the lack
of the zero-length baseline does not affect the determination
of scalelengths. Both of these determinations assume that the
HCN is thermalized at a constant temperature and that column
density is proportional to the radio line brightness. While it is true
that significant temperature changes in the innermost coma are
probable (Combi et al. 1997), the calculations of both Snyder and
Wright exclude the innermost 10,000 km and so are insensitive
to any temperature changes in that regime.

For a constant outflow velocity of 1.2 km s−1 as fit to the data
by Wright et al. (1998) and also consistent with the half-width
of the line, the measured scalelength corresponds to a lifetime
of 7.3 × 104 s. This lifetime is consistent with the theoreti-

cal prediction of the lifetime against photodissociation at so-
lar minimum of 6.7 × 104 s (Crovisier 1994). It is known from
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observations of the CN jets that the gas is accelerating out to
at least 100,000 km (Schleicher et al. 1999). The velocity starts
out at a fraction of a kilometer per second and may become
as high as 3 km s−1 by 106 km (Combi et al. 1997). However,
the outflow velocity we have assumed is not unreasonable for
the average velocity of HCN from the time of release from the
nucleus until photodissociation of HCN.

There are additional uncertainties in measuring the scale-
length from the HCN profile due to optical depth effects, tem-
poral fluctuations, and excitation effects. If acceleration in the
innermost coma is gradual (i.e., the gas is traveling much more
slowly than our assumed velocity for a significant amount of
time), the lifetime could be underestimated, but if the innermost
coma is optically thick to the photodissociating wavelengths,
the lifetime could be overestimated. We must therefore assume
some uncertainty in the lifetime as deduced from this observed
scalelength. The region in which the coma is optically thick to
Ly-α, the primary source of HCN photodissociation, has been
estimated to have a radius of about 1000 km (Combi et al. 1997).
Combi et al. also find that the gas accelerates up to 0.8 km s,−1

a significant fraction of our assumed velocity, within 200 km
of the nucleus. These results suggest small differences in the
lifetime compared to the nominal value.

A Haser model has been used to fit both parent and daugh-
ter scalelengths to our azimuthally averaged wide-field CN im-
ages (D. G. Schleicher, personal communication, 1999), yield-
ing scalelengths of (3.5 ± 1.0) × 104 and 4.5 × 105 km, respec-
tively. There is some uncertainty in these scalelengths because
the Haser model has a tendency to give equally good fits as
one scalelength is increased while the other is decreased. The
scalelengths given here are from the minimum of chi-squared.

Clearly the Haser formation scalelength of CN is much
shorter than the measured destruction scalelength for HCN.
However, we must ask if this actually places a constraint on
HCN as the primary CN parent. In Hale–Bopp the collision
zone is three times the scalelength of HCN, and eight times the
fitted Haser model formation scalelength for the CN. Thus we
can assume a significant fraction of the CN is formed within
the collision zone where the Haser model should work reason-
ably well, as all molecules are forced to flow radially outward in
this region. On the order of 90% is formed within the collision
and transition zones, and only 10% outside is formed in the re-
gion where the vectorial model is required. This tells us that if
we believe the physical situation should fall between the Haser
and vectorial extremes, we should probably directly compare
the measured HCN scalelengths to the Haser-fit scalelengths,
which leaves us with a difference of more than a factor of 2.
These results would imply that if there is any correlation between
the model scalelengths and physical scalelengths, that CN re-
quires a second parent with a scalelength about a factor of
2 shorter than that of HCN. To obtain a definitive physical for-
mation scalelength of CN, a complete Monte Carlo model will

be required. Such a model, which accounts for acceleration, col-
lisions, and chemistry, is beyond the scope of this paper.
ET AL.

3.4. Production Rates

Another test for the relationship of HCN and CN in the coma
is their relative production rates. Since the photodissociation
branching ratio for HCN is that 97% goes to H + CN, we would
expect to see approximately the same production rates in CN
and HCN if HCN is the primary parent of CN.

For the CN, D. G. Schleicher (personal communication, 1999)
used narrowband photometry to find a production rate (Q) for
CN of (3.2–3.6) × 1028 molecules s−1 at perihelion. The largest
source of error in the calculation of this production rate is the life-
time of CN. The value used here was 2.1 × 105 s, which works
well with many observations but is highly uncertain. The theo-
retical value for the CN lifetime at solar minimum is 3.2 × 105 s
(Huebner et al. 1992). Use of this lifetime would reduce the
production rate to (2.1–2.4) × 1028. However, since there are
no laboratory measurements of the cross section of CN to pho-
todissociation, the theoretical lifetime of CN has a large uncer-
tainty (Huebner et al. 1992). If we derive a lifetime from the
Haser scalelength fit to the CN data and the gas outflow ve-
locity derived from the HCN, then we would have a lifetime
for CN of 3.75 × 105 s. This lifetime yields a production rate
of (1.8–2.0) × 1028. There are also radio measurements of CN
near perihelion, which yielded a production rate of 2.6 × 1027

(Ziurys et al. 1999). This is below the range of possible pro-
duction rates that can be derived from the optical data and is
inconsistent with the HCN production rates discussed below as
it would require significantly more HCN than CN in the coma.
Which of the lifetimes and therefore which set of production
rates is closer to being correct for the optical CN remains un-
clear, but we can set the lower limit on the CN production rate
near 1.8 × 1028 and the upper limit near 3.6 × 1028.

Millimeter-wave observations yielded HCN production rates
for Hale–Bopp near perihelion near 2.3 × 1028 molecules s−1

(Biver et al. 1997, Wright et al. 1998, Lovell 1999). A some-
what larger HCN production rate of 5.6 × 1028 molecules s−1

was found by Magee-Sauer et al. (1999) in an analysis of infrared
spectra of HCN. They assumed a velocity that was higher than
that implied by the model of Combi et al. (1997), but incorporat-
ing this velocity difference would only drop the production rate
by ∼5%. We can not explain this large difference in production
rates for HCN.

The higher production rate of HCN is inconsistent with the CN
production rates. There cannot be significantly more HCN than
CN because 97% of photodissociating HCN molecules become
H + CN fragments (Huebner et al. 1992). Some of the HCN
can be lost through chemical reactions such as HCN + H →
H + HNC (Rodgers and Charnley 1998). However, this effect
is small in comparison to the total production rate of HCN. To
obtain consistent results with the larger HCN production rate the
lifetime of CN would have to be at least as short as 7.9 × 104 s.
It is unlikely that the theoretical lifetime is wrong by a factor of
4 (Bockelée-Morvan and Crovisier 1985).
Given the production rate of HCN from the radio observa-
tions (2.3 × 1028), and the production rate of optical CN using
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the theoretical lifetime ((2.1–2.4) × 1028), we conclude that the
production rates of the two species are approximately equal.
This implies that HCN is the primary parent of CN. However,
if the scalelength issue cannot be resolved by better modeling,
there is enough uncertainty in the lifetime of CN to allow room
for the possibility of a substantial second parent.

4. CONCLUSIONS

Our data show that the jet morphology of HCN and CN are
consistent with the CN in jets having an HCN parent. However,
the correlation is not strong enough to rule out the possibility of
a second parent such as small dust or CHON particles for the
CN in jets as was suggested in the P/Halley jets by Klavetter and
A’Hearn (1994).

There is an apparent inconsistency between the destruction
scalelength of HCN and the formation scalelength of CN which
cannot be resolved with the current models. It appears that the
HCN scalelength is much longer than the parent scalelength for
CN, but without a model that correctly accounts for collisions
and acceleration of the gas we cannot be certain of what the true
scalelengths are.

The observed production rates in C/Hale–Bopp are, however,
consistent with HCN being the dominant parent of CN. There is
no doubt that HCN is a primary parent of CN. Is there another
contributor that plays as important, or nearly as important, a
role? The uncertainty in the CN lifetime, the uncertainty in the
scalelengths of HCN and the CN parent, and the possibility of a
second parent for the jets leave this an open question.
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P. Santos-Sanz, M. Serra-Ricart, R. Torres-Chico, A. Oscoz, L. Jorda, and
G. Denicolo 1997. The spin axis position of C/1995 O1 (Hale–Bopp). Earth,
Moon, Planets 77, 199–206.

Licandro, J., L. R. Bellot Rubio, H. Boehnhardt, R. Casas, B. Goetz, A. Gómez,
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