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The Spectrum and Spatial Distribution of
Cyanogen in Comet Hale-Bopp (C/1995 O1) at
Large Heliocentric Distance

R. Mark Wagner* and David G. Schleicher

Optical spectra of comet Hale-Bopp (C/1995 O1) at a heliocentric distance of 6.45
astronomical units showed emission from cyanogen gas. The spatial distribution of
cyanogen was considerably more diffuse and extended compared to the spatial profile
of the dust or grains which were sharply peaked near the center. This behavior is
consistent with comets at smaller heliocentric distances suggesting the same or a similar
formation mechanism. A cyanogen gas production rate of (1.2 + 0.3) X102® molecules
per second was derived. A model band profile derived from fluorescence equilibrium
calculations for the comet’s heliocentric velocity and distance agrees with the observed

band profile.

Comet Hale-Bopp (C/1995 O1) was dis-
covered on 23 July 1995 at an integrated
visual magnitude of ~11 (I) and at a he-
liocentric distance, 1, of 7 astronomical
units (AU) (2). The discovery of a lumi-
nous periodic comet at such a large distance
from the sun initiated observations at opti-
cal and radio wavelengths to understand
the physical and chemical processes occur-
ring in the nucleus and coma which are not
available from observations at smaller r,,. In
particular, Fitzsimmons and Cartwright (3)
detected emission from the CN (0-0) band
in Hale-Bopp’s coma at r,, = 6.82 AU; the
second most distant reported detection for a
comet (4, 5).

Our observations of Hale-Bopp were ob-
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43210, USA, and Lowell Observatory, 1400 West Mars
Hill Road, Flagstaff, AZ 86001, USA.
D. G. Schleicher, Lowell Observatory, 1400 West Mars
Hill Road, Flagstaff, AZ 86001, USA.

*“To whom correspondence should be addressed. E-mail:
rmw@lowell.edu

tained on 13.1 October 1995 universal time
(UT) (r, = 6.45 AU; 6.64 AU from Earth)
with the 4.5-m Multiple Mirror Telescope
and the blue channel charge-coupled de-
vice spectrograph (6). We obtained two
20-min exposures of Hale-Bopp with the
spectrograph slit centered on the nucleus
throughout the observation and oriented
along the parallactic angle of 29° to mini-
mize any loss of light due to atmospheric
refraction. The position angle of the sun on
the plane of the sky was 270° so that the slit
was oriented nearly orthogonal to sun-tail
direction on the sky. The spectrum of a
solar analog star (van Bueren 64) was ob-
tained to remove the reflected solar spec-
trum from the comet spectrum. The first
comet exposure was heavily contaminated
by background stars and was discarded.
The data were reduced and processed
using standard procedures (7). Because any
gas coma of Hale-Bopp is expected to be
quite extended and probably even extends
beyond the bounds of our short slit, sky
subtraction was accomplished by first inter-
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Fig. 1. Observed spectrum of Hale-Bopp show-
ing the detection of CN (Av = 0) in the coma (light
curve). The heavy curve represents a model CN
profile based on the results of fluorescence equi-
librium calculations at an r,, of 6.45 AU (9) and
scaled assuming our derived CN production rate.

polating across the emission band of CN at
the extreme ends of the slit. We estimate
that the error in our relative intensity cal-
ibration is less than about 7%. Based on the
relative sizes of the seeing disk and the slit
width and the resultant loss of standard star
light, we estimate that the observed cali-
brated spectra of Hale-Bopp are on average
a factor of 6 brighter than they would be in
the absence of any standard star light losses.

We identified in the processed long slit
spectrum, emission due to CN (Av = 0)
extending from the bright nuclear region
and fading slowly to the ends of the slit in
contrast to night-sky lines which cross the
slit at constant intensity. To determine the
spatial distribution of the CN emission, we
extracted 14 individual spectra along the
slit at locations free from stellar contamina-
tion. Each spectrum utilized a 5-arc-sec-
long extraction aperture and we isolated the
region osurrounding CN (Av = 0) between
3840 A and 3900 A for our analysis. To
measure the flux of CN in each spectrum,
the solar analog spectrum was scaled to
match the background continuum of each
spectrum and then subtracted. Our spec-
trum was formed by averaging the 14 indi-
vidual spectra but excluding the spectrum
centered directly on the bright nuclear con-
densation (Fig. 1). The observed average
integrated band flux of CN (Av = 0) is
(8.2 £1.2) X 1075 erg em™? s~ 1. Follow-
ing a similar analysis, we failed to detect C,
(Av = 0) at 5000 to 5200 A in the coma.

To determine the radial distribution of
CN, we converted the measured integrated
band fluxes to column densities (8) assum-
ing that the fluorescence efficiency, g-fac-
tor = 8.56 X 107 erg s~ ! molecule " at
= 6.45 AU (9) and the aperture diameter 6,
= 2.5 arc sec (12,140 km at the comet),
which is the diameter of the equivalent area
circle corresponding to our 5 X 1 arc sec
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Fig. 2. The measured spatial distribution of CN in
the coma of Hale-Bopp (solid circles) shown with
their associated 1o uncertainties. Comparison
with the scaled Haser model (heavy curve) is also
shown. The spatial profile of continuum which
represents the distribution of the dust or grains in
the coma is represented by the dashed curve.

rectangular extraction aperture. The distri-
bution of CN is very broad as compared to
the dust or grains as measured by the spatial
profile of gas-free continuum (Fig. 2). Such
a broad distribution is expected, and typical
of comets at small r,, since CN is a daughter
product of one or more parent molecules
and also is believed to be released directly
from grains (10). In each of these cases, CN
is expected to have a much broader spatial
distribution than the dust’s canonical 1/p
distribution, where p is the projected dis-
tance from the nucleus, due to the much
higher nominal velocity of the CN mole-
cules than of the dust grains. The agreement
between the observed and Haser model spa-
tial profiles of CN is surprisingly good, given
that the Haser model parent and daughter
scale lengths were derived from spatial pro-
files measured in comets having r, between
0.7 and 1.5 AU and are scaled by r,* (11).
This suggests that these Haser model scale
lengths for CN are well determined and are
applicable over a wide range of 7.

To determine the total production rate
of CN, Qg we fit the observed profile to
a Haser model assuming fixed parent and
daughter scale lengths of 1.3 X 10* (v/1
AU)? and 2.1 X 10° (/1 AU)?, respectively
(11, 12) (Fig. 2). We derived Q- = (7.0 =
1.2) X 10%¢ molecules per second from
these data. Correction of the observed Q for
light losses gives an actual Qqy = (1.2 *
0.3) X 10%° molecules per second, where
the uncertainty in Q is dominated by the
uncertainty in the light-loss correction.

Using our measured Qqy, we computed
a model CN band profile to compare with
the observed profile (Fig. 1). We used the
results of fluorescence equilibrium calcula-
tions for CN (Av = 0) atrn, = 6.45 AU and
v, = —153 kms™! (9) and convolved with
the instrumental resolution of 3.6 A. The
CN (Av = 0) profile consists of the strong

(0-0) band centered at 3876 A and the
weaker (1-1) band at 3864 A (Fig. 1) and
our calculations show that at r,, = 6.45 AU
only eight rotational energy levels are pop-
ulated, and therefore do not extend to the
band head at 3883 to 3884 A. Our comput-
ed profile had a total integrated CN (Av =
0) band flux of 5.45 X 107" erg cm ™% 57!
and a position and shape in agreement with
the observed profile. This is the first mea-
surement of CN at large 7, with sufficient
spectral resolution to test the CN fluores-
cence model (9) at a low level of solar
radiation. Previous tests of the standard flu-
orescence model (9, 13) were made for
comets at 7, = 1.3 AU, or a level of solar
radiation more than 25 times greater. Since
the relative populations of CN molecules in
the various rotational states depends on a
balance between excitation of molecules by
solar radiation and subsequent de-excita-
tion with the emission of one or more pho-
tons, the relative line intensities within the
emission band and the final fluorescence
efficiency depends on the values of several
de-excitation parameters. The agreement
between the observed and theoretical pro-
files in Hale-Bopp (Fig. 1) indicates that
the assurned values of these parameters are
sufficiently accurate for analyses of CN ob-
servations obtained over a wide range of 7,,.

Our spectroscopic observations confirm
the detection of CN in the coma of Hale-
Bopp at large 1, (3, 14). Our derived pro-
duction rate at 6.45 AU is comparable to
their respective values for Q- of (1.2 %
0.6) X 10*° molecules per second and
(1.2 = 0.2) X 10%° molecules per second
measured at 6.8 AU after adjusting each of
their results for differences in fluorescence
efficiencies and modeling (12). The agree-
ment in the derived value of Qg among
the three sets of spectroscopic observations
made over a 6-week interval in 1995 imply
that Hale-Bopp was in a quasi-steady state of
production during the measurements.

Finally, we also examined the reflectance
spectrum (15) of Hale-Bopp by extracting a
spectrum of the comet centered on the nucle-
us and extending * 26 arc sec (* 1.25 X 10°
km at the comet) into the coma. Our reflec-
tance spectrum shows that the dust coma of
Hale-Bopp is ~10% redder than the sun per
1000 A over our entire spectral coverage con-
sistent with previous reflectance spectra of
Hale-Bopp (3).
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Diffusing-Wave Spectroscopy of Dynamics in a
Three-Dimensional Granular Flow

Narayanan Menon and Douglas J. Durian

Diffusing-wave spectroscopy was used to measure the microscopic dynamics of grains
in the interior of a three-dimensional flow of sand. The correlation functions show that
minutely separated grains fly from collision to collision with large random velocities. On
atime scale 10° to 10* times longer than the average time.between collisions, the grains
displayed slow, collective rearrangements, which, at the long-time limit, produced dif-

fusive dynamics.

Sand dunes, grain silos, hourglasses, cata-
lytic beds, filtration towers, river beds, ice
fields, and many foods and building mate-
rials are granular systems (1). They consist
of large numbers of randomly arranged, dis-
tinct, macroscopic grains that are too large
to be moved by thermal energies but can be
driven into flow by external forces. We do
not have an understanding of the fluid state
of a granular medium analogous to that for
the macroscopic flow properties of a liquid.
In a series of seminal papers, Bagnold (2)
made the first efforts toward creating a phe-
nomenological “fluid mechanics” for sand,
identifying inertia of the grains and their
collisions as significant elements in the dy-
namics. Since then there has been consid-
erable theoretical effort (3) in formulating a
continuum description of granular flows
based on the kinetic theory of dense gases.
However, in contrast to molecular fluids,
kinetic energy in grain flows is irreversibly
lost in the inelastic collisions of the grains.
A further complication is that the scale of
velocity fluctuations in the material (re-
ferred to as the “granular temperature”) is
nonthermal and has been difficult to mea-
sure, especially in three-dimensional (3D)
flows (4). Also, recent computer simula-
tions and theoretical work (5) show that 1D
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and 2D inelastic systems spontaneously
form inhomogeneities that potentially re-
strict the applicability of hydrodynamic ap-
proaches to grain flow.

We used diffusing-wave spectroscopy
(DWS) (6) to probe the local, short-time
dynamics of grains in a 3D gravity-driven
flow and examine the physical basis of hy-
drodynamic models. DWS is a multiple—
light-scattering technique that yields two-
particle correlation functions at time inter-
vals greater than 107 s and spatial separa-
tions greater than 1 A. These capabilities
are necessary because the collisional dy-
namics we studied are at time scales of 1076
to 107* s and length scales of 0.01 to 1 pm.
Because granular materials strongly scatter
light, earlier experiments have chiefly stud-
ied quasi-2D flows (7) or highly diluted
flows (where the short-time dynamics are
collisional by construction). Experiments in
dense flows (8-10) have been analyzed (8,
9) with the assumptions that short-time
dynamics are collisional and that the quan-
tities of interest may be inferred from long-
time, spatially averaged motions obtained
by direct imaging of tracer beads.

The granular material we studied con-
sisted of dry, cohesionless, monodisperse,
smooth, spherical glass beads (11) 95 or 194
wm in diameter. The flow was gravity-driv-
en (12) and confined to a vertical channel
30 cm high, 10 cm wide, and 0.3 to 1 cm
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thick (Fig. 1). Video and DWS measure-
ments showed that spatial gradients in all
three dimensions were small and that the
flow field everywhere in the channel was
characterized by a single average flow ve-
locity V,. We varied V; from 0.03 to 3 cm/s
by changing the mesh size at the bottom of
the channel. The arrangement of the beads
in flow showed no evidence of density in-
homogeneities or crystalline packing.

For DWS measurements, we illuminated
the sample with an Ar™* laser of 488- or
514-nm wavelength and 3-mm beam waist.
Incident photons were multiply scattered by
the glass beads, performed random walks
through the sample, and interfered, produc-
ing a speckled pattern. Grain motions
caused this pattern to fluctuate, decorrelat-
ing the intensity measured at the detector.
To infer the dependence of the dynamics of
the beads on time 7 from the autocorrela-
tion function g;(7), we described photon
transport as a random walk through the
medium with a step length I* and an ab-
sorption length I, (which were determined
by measuring the fraction of light transmit-
ted through the sample as a function of its
thickness). For example, the normalized
electric-field autocorrelation function in
transmission (Fig. 2A) is g,(7) ~ exp[—(L/
1¥)2k3{ Ar*(7))], where L is the sample thick-
ness, {Ar(7)) is the mean-squared displace-
ment of the scatterers, k is the wave vector
of light in the medium, and the factor (L/
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Detector
(transmission)

Laser
beam

— — L

Fig. 1. Side view of the flow and light-scattering
geometry.
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