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The Activity and Size of the Nucleus of
Comet Hale-Bopp (C/1995 O1)
H. A. Weaver,* P. D. Feldman, M. F. A’Hearn, C. Arpigny,

J. C. Brandt, M. C. Festou, M. Haken, J. B. McPhate,
S. A. Stern, G. P. Tozzi

Analysis of Hubble Space Telescope (HST) images of comet Hale-Bopp (C/1995 O1)
suggests that the effective diameter of the nucleus is between 27 to 42 kilometers, which
is at least three times larger than that of comet P/Halley. The International Ultraviolet
Explorer and HST spectra showed emissions from OH (a tracer of H,0) and CS (a tracer
of CS,) starting in April 1996, and from the CO Cameron system (which primarily traces
CO,) starting in June 1996. The variation of the H,O production rate with heliocentric
distance was consistent with sublimation of an icy body near its subsolar point. The
heliocentric variation in the production rates of CS, and dust was different from that of
H,O, which implies that H,O sublimation did not control the CS, or dust production

during these observations.

Comet Hale-Bopp (C/1995 O1) is an ex-
ceptionally active comet that was discov-
ered in July 1995 (1) at a heliocentric dis-
tance (r,) of 7.2 astronomical units (AU; 1
AU = 1495 X 10!' m is the average
Earth-sun distance). At r, = 6.5 AU the
comet was already producing CO at the rate
of ~10° kg s™! (2, 3), which is comparable
to that produced from the nucleus of comet
Halley near r,, = 1 AU. Because the activ-
ity in long-period comets, like Hale-Bopp,
usually scales as 1,72, or even faster, spec-
troscopic observations of Hale-Bopp are
possible over a large range in 7, as the
comet moves toward perihelion on 1 April
1997, when r, = 0.91 AU. Of particular
interest is how the rate of ice sublimation
changes with increasing solar insolation,
including variations among the different
ices present in the nucleus, and the rela-
tionship between the subliming ices and the
dust particles that are dragged away from
the nucleus, creating the visible coma. In
addition, imaging and spectroscopic obser-
vations of short-term temporal variations of
Hale-Bopp can be used to probe physical
and chemical characteristics of the nucleus
that might trigger outbursts in activity, such
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as amorphous to crystalline phase changes
in H,O ice, chemical inhomogeneity in the
ices, and the unmantling of vents on the
surface that were previously covered by re-
fractory debris.

The pre-perihelion activity of Hale-
Bopp was monitored with the International
Ultraviolet Explorer (IUE) from August
1995 until IUE was decommissioned in
September 1996 and with HST until the
comet reached the solar elongation limit of
HST in October 1996 (Table 1). Images
were taken with the Wide Field Planetary
Camera 2 (WFPC2) (4) to estimate the size
of the nucleus and to study its activity.
Emissions from molecules and dust in the
coma were studied using the Faint Object
Spectrograph (FOS) of HST (5) and the
Long-Wave Prime spectrograph of IUE.

Size of the nucleus. Because the width

22 Jun 96

of a WFPC2 pixel projected to 90 km at the
comet for the minimum geocentric distance
(A) of the HST observations (2.74 AU),
which is much larger than a typical comet,
we did not expect to resolve the smaller
nucleus. However, when the coma does not
have complex spatial structure and its spa-
tial brightness profile can be described by a
simple analytic function, the effective scat-
tering cross section of the nucleus can be
estimated if extrapolation of the coma into
the unresolved region fails to account for
the observed intensity of the peak pixel. We
can calculate the effective diameter of the
nucleus from a standard formula (6). This
method has been applied for observations of
two active comets having A ~ 0.6 AU (7,
8). Extending the method to active comets
at larger A is problematic because the re-
quired extrapolation of the coma increases
linearly with increasing A.

For uniform, spherically-symmetric out-
flow of dust from the nucleus, the nucleus
to coma contrast ratio should be inversely
proportional to A (9) and the dust produc-
tion rate (Qg,..). While this suggests that
the nucleus should be most easily detected
in the June and July 1996 images (Fig. 1),
temporal variability caused deviations in
the spatial brightness profiles for these im-
ages that precluded making an unambigu-
ous extrapolation of the coma into the un-
resolved region. We concluded that the
October 1995 image (Fig. 1) was best for
determining the size of the nucleus, primar-
ily because relatively quiescent conditions
prevailed.

Spatial brightness profiles for the Octo-
ber 1995 data can be described by power
laws (Fig. 2). The power law exponents
derived for the profiles (—0.94 along a faint
radial jet and —1.16 in the opposite direc-

07 Apr 96

17 Oct 96

Fig. 1. HST images of Hale-Bopp interpolated to the same spatial scale of 470 km per pixel (each image
covers a distance of ~33,000 km at the comet), normalized to the same peak pixel intensity, and
displayed using the same logarithmic intensity scale. In all images, celestial north is straight up (vertical
direction) and east is to the left. The image from 7 April 1996 was slightly trailed due to poor tracking.

SCIENCE * VOL. 275 * 28 MARCH 1997 * http://www.sciencemag.org



Table 1. Log of HST and IUE Hale-Bopp observations. WFC and PC refer
to the wide-field and planetary modes, respectively, of WFPC2. Distances,
I, and A are given in astronomical units. r;, is the heliocentric radial velocity
of the comet in kilometers per second. ¢ is the phase angle (sun-comet-
Earth angle) in degrees. B is the observed column brightness in rayleighs
averaged over the spectrograph aperture (1 rayleigh = 10° photons cm™2

s~ ") for the OH (0,0) band near 3090 A the CS Av = 0 band sequence near
2576 A, and the CO (1,0) Cameron band near 1995 A. We used a rectan-
gular FOS aperture whose size was 3.66 arc sec by 1.29 arc sec, except
that a circular aperture of diameter 0.86 arc sec was used for some
observations on 18 October 1996. The FOS aperture was usually nearly

centered on the nucleus, but the aperture was offset ~5-6 arc sec east
and ~0.5 arc sec east for the April 1996 and October 1996 FOS obser-
vations, respectively. The IUE observations were made with a rectangular
aperture (9.3 arc sec by 15 arc sec) that was centered on the nucleus. Q is
the calculated production rate at the surface of the nucleus. For the
gaseous molecular species, Q is given in molecules per second, while Q¢
is given in ro=3 kg s . Afp is an aperture-independent measure of the dust
production in meters, as defined in the text. Dual values are given for some of
the September 1996 entries, and these refer to pre- and post-outburst mea-
surements. The quoted errors are 1o values, except that 3o values are quoted
for entries in which only upper limits are available.

Date Instrument 1, A rn ¢ By Beos Beo <1Q(’)*22% (?gfg) (1082%2) Afp Quuer

31 Aug. 1995 IUE 6.82 631 —-149 76 — — — — — 1410 120
3-4 Sep. 1995 IUE 6.80 6.33 -—-149 79 — — — — — — 1190 101
26-27 Sep. 1995 WFC 6.59 6.51 -—151 87 — — — — — 1430 124
23-25 Oct. 1995 PC, FOS 6.36 6.72 —154 82 =18 =6.3 =14 =17 =029 =21 640 5.6
7 April 1996 PC, FOS 479 480 —172 12 36x5 10+ 2 — 2.0 1.2 — 1060 10.8
21 April 1996 IUE 4.65 442 —17.4 12 — — — — — — 1410  14.5
13 May 1996 IUE 4.43 3885 —17.7 11 60 * 15 20+ 5 — 2.5 1.0 — 1170 123
20 May 1996 pPC 435 368 —17.9 11 — — — — — — 1280 13.6
22-23 June 1996 PC, FOS 4,00 3.01 -—184 4.4 345 * 40 90 + 14 13x4 6.2 098 4.4 1060  11.7
25-26 July 1996 PC, FOS 365 274 —-190 82 770 £ 70 140 *+ 25 =4 10 1.2 3.0 1210 1441
25 Aug. 1996 IUE 331 279 -19.6 16 1000 %= 100 110 £ 20 — 14 2.7 — 1620 185
23 Sep. 1996 PC, FOS 297 295 -202 19 3600 = 200 390 + 30 41 +6 21 2.2 88 2120 27.3
4500 = 800 830 #= 100 26 4.6 7200  93.9

17-18 Oct. 1996 PC, FOS 269 394 -20.8 19 7000 * 700 740 = 100 20%5 27 3.0 3.4 1950 26.4

tion) are consistent with theoretical expec-
tations and with the profiles observed in
other comets (10). Although none of the
HST images showed steady-state spherically
symmetric outflow, the October 1995 image
most closely approximates this condition.
Extrapolation of the coma into the core of
the image (the peak pixel) leaves a residual
intensity that we attribute to scattered light
from the nucleus (11). Assuming that the
geometric albedo of the nucleus is 4%,
which is the value observed for Halley (12),
we estimate that the nucleus of Hale-Bopp
has a diameter of at least 27 km and could
be as large as 42 km (13). The amount of
subliming ice near the subsolar point on the
nucleus needed to explain the observed
H,O production rate is ~6% of the area of
a 42-km nucleus and ~14% of the area of a
27-km nucleus. For comparison, the nucleus
ot comet Halley was 8 km X 8 km X 16 km,
which corresponds to an effective spherical
diameter of ~10 km, and ~10% of its total
surface area was active (12). For a sample of
12 periodic comets having measured diam-
eters, the estimated fractional area covered
by subliming ice ranges from =0.5% to
~15% (14).

If there was a strong dust outburst shortly
before our October 1995 observations, then
the brightness cusp in the core that we are
attributing to the nucleus could instead be
due to newly created dust. The deviations of
the ohserved coma spatial brightness pro-
files from that of a simple power law indi-
cate that some low-level temporal variabil-
ity was present during the October observa-
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tions. However, ground-based monitoring
of the inner coma of Hale-Bopp shows that
the October 1995 HST observations were
obtained when the coma brightness was
decreasing with time following the large
outburst that occurred near 13 October
(15), consistent with the hypothesis that
the excess core brightness was not caused by
some transient event.

Gas and dust production rates. Ultravi-
olet (UV) gaseous emissions from Hale-
Bopp were first detected during the April

Fig. 2. Spatial brightness profiles (A) constructed
from an HST image taken on 23 October 1995.
One profile (diamonds) includes all data having an
azimuthal extent of +5° about the direction (~5°
west of north) aligned with a weak, but persistent
coma jet, while the other profile (squares) includes
all data within a 90° wedge whose bisector is
opposite the jet. The profiles can be fit by power
laws having indices of —0.94 (solid line) and
—1.16 (dashed ling). The model power law profiles
have been convolved with the WFPC2 point
spread function (PSF), which causes the flattening
at the shortest distances from the centroid. Ex-
trapolation of these power laws into the core of the
image yields brightnesses that are less than the
observed brightness in the peak pixel, indicating
that the nucleus has been photometrically re-
solved from the coma. The PSF (asterisks) has
been scaled so that its intensity corresponds to
that expected from a nucleus having a diameter of
27 km, assuming that the geometric albedois 4%.
The signature of the nucleus is seen more clearly
in (B), where the observed profiles have been di-

1996 HST observations at 1, = 4.79 AU
(16). The OH (0,0) band (in the A?%-X?II
system) was observed near 3090 A and the
CS Av = 0 band sequence (in the A'TI-X'X
system) was observed near 2576 A. Starting
in June 1996, two bands in the CO Cam-
eron system (a’T1-X'3) became detectable
(Fig. 3). We assumed that OH and CS were
photolysis products of H,O and CS,, re-
spectively, as is typically the case in other
comets (17). The observed OH brightnesses
were converted to aperture-averaged OH
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vided by the model power law profiles. The minimum value for the first data point {the nominal value
minus the estimated statistical error) corresponds to an effective nucleus diameter of 27 km, while the

maximum value implies a diameter of 42 km.
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column densities assuming optically thin
conditions and using “quenched” fluores-
cence efficiency factors, or g-factors (18).
The OH column densities were then con-
verted to H,O production rates (Qy1,0) at
the nucleus using a spherically symmetric
“vectorial” density model (19) (Table 1 and
Fig. 4). Column densities for CS were cal-
culated assuming that the CS emission was
optically thin and using a g-factor of 7 X
107* photons s™! molecule™! (20). We
then used a standard Haser formula (21) to
calculate the CS, production rates (Qcs)
(Table 1 and F1g 4).

For comparison with the observations,
we computed the surface-averaged subli-

mation rate for a nucleus composed of

H,O ice under two conditions: (i) for an
isothermal body and (ii) for a nucleus
whose pole is pointing directly at the sun.
We also calculated the sublimation rate
for a flat icy surface at the subsolar point.
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Fig. 3. The spectrum of Hale-Bopp taken on 23
September 1996. (A) The data for wavelengths
shorter than 2220 A were obtained from a 58-
min exposure using the FOS G190H grating and
the blue detector. (B) The longer wavelength
data were from a 24-min exposure using the
FOS G270H grating and the red detector. The
continuum due to scattered sunlight from com-
etary dust has been subtracted from both sets of
data. In addition, the pseudo-continuum produced
by grating scattered light has also been removed
from the G190H data. The dust continuum in-
creases toward the longest wavelengths, which is
why there is larger noise at the long wavelength
end of (B). The error bar in (A) gives the =10 sta-
tistical noise in the vicinity of the CO Cameron
bands. The small excess signal near 1800 A is
probably due to emission in an atomic sulfur
multiplgt‘ The effective spectral resolution was
~4.5 A and ~6 A for the G190H and G270H
data, respectively.
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In all cases we assumed that the surface
has unit infrared emissivity and an optical
Bond albedo of 4% (22). The observed
variation of Q, o with r, does not follow
the curve expected for an isothermal body
but is consistent with either of the other
two cases (Fig. 4). The data favor the icy
flat surface case, but the value of Q.0 on
7 April 1996 is probably at least partially
due to the sublimation of icy grains in the
coma, which means that our derived pro-
duction rate is larger than the sublimation
rate at the nucleus (23). The derived he-
liocentric variation in Qu.o does not de-
pend on our model assumptions, but the
absolutc values are model-dependent. If
we use “unquenched” OH g-factors, then
Qu.o increases by a factor of ~1.5. If we
use a hydrodynamic model for the OH
density distribution, in which H,O and
OH have the same outflow velocity, then
Q.o decreases by a factor of ~0.7. Radio
observations of OH emission in Hale-
Bopp (24) yielded estimates of Qy ~ sim-
ilar to ours when all data were analyzed
using consistent model parameters.

The heliocentric variation in Qg 18
different from that of Q; -, at least for the
largest values of 7. This implies that the
release of CS, from the nucleus was not
controlled by H,O sublimation and that
CS, molecules in the nucleus are not
trapped within H,O ice. Although H,0O is
apparently the most abundant ice in com-
etary nuclei, the trace volatile constituents
may not be as intimately mixed with the
H,O ice as is sometimes assumed.

Observations of CO Cameron band
emission can be used to derive production
rates for CO and CO, (25), but this tech-
nique is limited by our inability to specify
the rate constants for the two important

excitation mechanisms, photoelectron im-
pact on CO and “prompt” emission foltlow-
ing the photodissociation of CO,. Given
the larger uncertainty associated with
photoelectron impact processes in comae,
particulary at large 7, we considered only
the prompt process, which yields an upper
limit to the CO, production rate (QCO )
(Table 1) (26).

The Infrared Space Observatory (ISO)
observed Hale-Bopp (27) and found a
Qco, of 1 X 10?8 molecules s™! and 5 X
1028 molecules 57! on 27 April 1996 and
27 September 1996, respectively, similar
to our estimates (Table 1), which is sig-
nificant considering the fact that temporal
variability in Hale-Bopp may cause vari-
ability in Qnn.. The agreement in the
HST and ISO values of Qao, suggests that
photodissociation of CO, is the dominant
excitation mechanism for the observed
CO Cameron band emission in Hale-Bopp
and that photoelectron impact plays a mi-
nor role. The poor signal to noise ratio for
the Cameron emission prevents us from
saying much about the heliocentric varia-
tion of Qo except to conclude that
Qco, during the September 1996 HST
observation was higher than that mea-
sured on the other three dates of HST
observations.

From the HST images, the HST spectra,
and the IUE spectra, we calculated Afp
(Table 1), the product of the dust albedo,
the dust filling factor, and the radius of the
effective circular aperture used during the
observations (28). This quantity is directly
proportional to the observed continuum
flux and was defined to provide an aperture-
independent measure of the dust produc-
tion rate.

Given the large uncertainties in the

Fig. 4. Derived production rates for
H,O (squares), CS, (diamonds),
and dust (triangles) (in kilograms
per second multiplied by 1 X 1023).
The points with open symbols were
derived from HST observations,
while those with filled symbols were
derived from IUE data. The points
with the downward-pointing arrows
are 3o upper limits. The production
rates of the three species have dif-
ferent heliocentric variations, indi-
cating that no single physical mech-
anism controls their behavior. Wa-
ter sublimation curves were com-
puted for three different cases: the

Production rate (molecules s-f)

1032 T

average rate over an isothermal
spherical nucleus (dashed curve),
the average rate over a spherical nucleus whose ro

curve), and the local rate at the subsolar point (solid curve). The line labeled r,, 2

=+ Perihelion

0
Heliocentric distance (AU)

tation axis is pointing directly at the sun (dot-dashed
shows the heliocentric

variation when sublimation dominates heating of the nucleus in the energy balance equation for any pure

ice. The CS, and dust production rates can be fit with power law profiles having exponents of

—1.7, respectively.

—2.4 and
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dust size distribution, density, albedo, and
outflow speed, Qg derived here (29)
(Table 1) may be different from the actual
dust mass loss rate in Hale-Bopp. Our
assumptions imply that Qg .. = 22 (Afp)
for r = 1 AU, whereas an empirical rela-
tion derived from observations of a dozen
comets near 1 AU (31) gives Q ., = 100
(Afp). This discrepancy may be explained
if the dust in Hale-Bopp moves more slow-
ly than the dust in typical comets (for
example, 0.5 km s~ is usually quoted for
comets at v, ~ 1 AU whereas we assumed
a velocity of 0.13 km s™! for the dust in
Hale-Bopp), but differences in the size,
albedo, and density of the dust may also be
important. The r, dependence of Q,,,, is
different from that of Qy o, which indi-
cates that H,O did not drive the dust
activity in Hale Bopp. CS, probably did
not drive the dust activity either, since
Qcs, (in kg s71) is ~1000 times smaller
thar{ Qdust'

The weak dependence of Qg . on 7,
implies that Hale-Bopp will not be as
bright during the spring of 1997 as origi-
nally expected. The brightness integrated
over the entire coma for long-period com-
ets like Hale-Bopp typically varies as 5,
which translates into a m,* variation in
Quue (32). If our observed trend in Q.
continues through perihelion, then the
visual magnitude of Hale-Bopp will only
reach ~0-1. The latter corresponds to a
very bright comet but means that Hale-
Bopp might be slightly fainter than comet
Hyakutake (C/1996 B2) during its close
approach to Earth last spring. If Q,,., be-
comes correlated with Qp.0 as the comet
nears perihelion, Hale-Bopp could be
somewhat brighter than our predicted val-
ue (by a factor of ~2 or so; a change by
one visual magnitude corresponds to a
brightness change of a factor of 2.5). The
comet could become brighter than our
prediction if emission from the C, mole-
cule increases rapidly near perihelion and
becomes the major contributor (=50%) to
the visual magnitude.

Temporal variability. The 1995 ground-
based observations showed that Hale-Bopp
was periodically releasing large amounts of
dust, apparently coinciding with the rota-
tion of an active region on the nucleus into
sunlight (30). Our HST image from Sep-
tember 1995 (Fig. 1) was taken ~60 hours
after one such outburst and shows the spiral
coma structure that resulted. Analysis of the
spatial brightness profiles for this HST im-
age indicates that Q. during the outburst
exceeded the quiescent value by a factor of
~7. None of the other HST images dis-
played a coma morphology similar to that
seen in the September 1995 outburst, but
all of them displayed evidence of temporal
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variability. During the fall of 1996, multiple
coma jets became visible, possibly signaling
an increase in the activation rate of vents
on the surface of the nucleus.

During our September 1996 spectroscopic
observations, we serendipitously caught Hale-
Bopp as it experienced a large outburst in dust
and gas. The dust continuum, which had been
steady at the 5% level for at least 3.5 hours,
suddenly increased by a factor of 3.4 between
two spectra that were separated by 77 min and
continued increasing at ~1.2% min ™" for the
final 8 min of our observations (33). The CS
emission increased by a factor of 2.1 over this
same period, while no change was observed in
the OH emission. We could not find any
noncometary explanations for the observed
changes, so we conclude that the comet itself
was varying over time (34).

Because our observations essentially
average the production rates over the ap-
erture-crossing time, the observed changes
in the continuum and CS intensities only
give lower limits to the actual changes in
Quue and Qqg.. Using time-dependent
models, we find that Q,,,, during the out-
burst was at least a factor of 8 larger than
the quiescent value (35) and that Qg
increased by a factor of ~3 (36). The
model also demonstrates that no change
was expected in the OH emission, even if
Qu,0 changed because the H,O lifetime is
much longer than the duratlon of the
observed changes. These temporal varia-
tions in Hale-Bopp indicate that the sur-
face of the nucleus must be dynamic. Per-
haps the temporal variation is associated
with the activation of a new vent on the
surface. It is also conceivable that the
temporal changes were caused by compo-
sitional inhomogeneity in a previously ac-
tive vent, but we have no observational
confirmation of any compositional varia-
tion during the outburst.
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vations we used O 85 1,795 km s~7; photolytic
heating of the coma causes the average outflow
velocity to increase with increasing distance from
the nucleus, so the average velocity is larger in the
larger IUE aperture), the total H,O lifetime was
8.2 X 10,2 s, 84% of the H,O destruction pro-
duced OH, the OH was ejected isotropically in the
frame of the dissociating H,O molecule with a ve-
locity of 1.06 km s~1, and that the OH lifetime was
1.6 X 10°r2s.
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W. M. Jackson, J. B. Halpern, P. D. Feldman, J.
Rahe, Astron. Astrophys. 107, 385 (1982).

L. Haser, Bull. Acad. R. Sci. Liége 43, 740 (1957).
The CS, lifetime (500 r,,2 s) is so short that we as-
sume that collisions equilibrate the CS, and CS ve-
locities to the same value (0.8 r,,7%5 km s~ and
0.85 r,,7°® km s~ for the HST and IUE data, re-
spectively). Examination of the relevant collision rates
indicates that this assumption is justified for most of
the 1996 observations but may not be valid at the
larger values of r,,. Using a vectorial model raises
Qcs, by a factor of ~2 relative to the Haser model
result at all values of r,,. Thus, using a single model,
either Haser or vectorial, does not change the power
law index for the r,, variation of Q.. Using a vecto-
rial model at large r,, and a Haser model at small r,,
would produce a smaller power law index, which
strengthens our conclusion that C)CS2 and Qn,0 had
different variations with r,,. We assumed that a CS
molecule is produced for every CS, molecule that is
destroyed, and we used a CS lifetime of 1 X 10,2 s.
J. J. Cowan and M. F. A'Hearn, Moon and Planets
21, 155 (1979).

At large r,, the activity in Hale-Bopp was apparently
driven by the sublimation of CO ice (2, 3), which means
that dust grains in the coma may have retained a H,O
ice mantle. Owing to their low efficiency at radiating
heat, micrometer-sized grains can become warmer
than the nucleus, which means that H,O in the coma at
large r,, could be due primarily to sublimation from these
icy grains and that our values of Q,,  no longer refer to
H,O production from the nucleus. As is typically the
case for comets, H,0O sublimation from the nucleus of
Hale-Bopp presumably became the dominant source of
H,O in the coma at some point. Perhaps the best evi-
dence for the latter is the agreement between our model
sublimation curves and the observed values of Q0.
The activation of several new vents on the surface of the
nucleus during mid-1996, as observed in ground-based
images of Hale-Bopp, may also have signaled the tran-
sition from a CO-dominated comet to a H,O-dominated
one.

J. Crovisier et al., paper on the radio observations of
Hale-Bopp presented at the 28th Annual Meeting of
the Division of Planetary Sciences of the American
Astronomical Society, Tucson, AZ, 22 to 26 October
1996.

H. A. Weaver et al., Astrophys. J. 422, 374 (1994).
Assuming that CO, is flowing outward from the nu-
cleus, the production rate is given by: Qcg, = (7.25 X
10'8)v0r,2AB/g where g is the rate constant, v = 0.8
r,~%% km s, B is the observed brightness of the
Cameron (1, 0) band in rayleighs, and 6 is the diameter
of the equivalent circular aperture of 2.4 arc sec.

J. Crovisier et al., Science 275, 1904 (1997). We
recomputed Qo derived from the ISO observations
using an outflow velocity of 0.8 r, =% in order to be
consistent with the assumptions made in analyzing
the HST data.

M. F. A'Hearn, D. G. Schleicher, P. D. Feldman, R. L.
Millis, D. T. Thompson, Astron. J. 89, 579 (1984).
From the HST images, we calculated Afp using a
synthetic aperture having a diameter of 2 arc sec,
which is close to the effective diameter of our most
commonly used FOS aperture (2.4 arc sec). We
found that Afp varied with aperture size, typically at
the 10 to 30% level, probably due to temporal vari-
ability in the comet. By comparing the HST imaging
and spectral data, we found empirically that Afp near
7000 A, the effective wavelength of the F675W filter
used for the WFPC2 observations, was ~1.9 times
larger than Afp near 2950 A. Thus, we multiplied the
raw IUE Afp values near 2950 A by 1.9 to convert
them to their equivalent “optical” values. The Afp
values were converted to a common phase angle
(the sun-comet-Earth angle), ¢, of 0° by multiplying
the raw values by 10©-4X0-0351¢ A diifferent choice for
the phase law is unlikely to affect our conclusions, as
Hale-Bopp was observed over a narrow range in
phase angle.

For dust having an average radius a (in micrometers),
density d (in grams per cubic centimeter), geometric
albedo A, and flowing outward from the nucleus
with velocity v, (in kilometers per second), the dust
mass production rate, Qg (in kilograms per sec-
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. A spectrum ending at 14:05 universal time (UT) on
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ond) is given by: Qqq, = (0.67)adv,Afp/A, where
Afp is in meters. We calculated Q¢ USING Vg o =
0.13r,,7%%(30),a = 10,d = 1,and A, = 0.04 (Table
1 and Fig. 4).

Z. Sekanina, Astron. Astrophys. 314, 957 (1996).
From a detailed analysis of the dust coma, this au-
thor derived a dust ouflow velocity (v, of ~0.06
km s~"atr, = 6.82 AU, and we have additionally
assumed that v, = 0.05 (,/6.82)70°.

C. Arpigny et al., Atlas of Cometary Spectra (Kluwer,
Dordrecht, 1997).

L. Kamél, lcarus 122, 428 (1996) and (74).

23 September 1996 had essentially the same con-
tinuum flux as other spectra that were taken between
10:30 and 14:05 UT. (The spectra were not contin-
uously recorded during this latter period because the
HST periodically passes behind the Earth, at which
times the comet was not visible from HST. The HST
orbital period is 96 min, and observations are gener-
ally limited to a duration of ~30 min each orbit.)
Following a gap in our coverage due to Earth occul-
tation, a 2-min spectrum starting at 13:41 UT had a
continuum level that was 3.4 times larger than that
recorded during the earlier times. In addition, three
subsequent 2-min spectra showed the continuum
intensity monotonically increasing at the rate of
~1.2% min—1'.

We ruled out pointing error as the source of the
observed temporal variation by verifying that the flux
measured in spectra taken immediately before the
outburst was essentially identical to that measured
during observations spanning up to ~6.5 hours ear-
lier. A solar-type star entering the aperture and hav-
ing a visual magnitude of ~11.5 could have pro-
duced the observed increase in the continuum, but
no such object was present in the cometary field.
Furthermore, another object entering the aperture
would not explain the observed increase in CS emis-
sion. During the outburst, the spatial distribution of
the continuum became markedly more peaked to-
wards the nucleus, which is consistent with a dust
outburst originating at the nucleus of the comet.

. For spherically symmetric outflow of dust from the

36.

37.

nucleus with velocity v, it is easy to show that the total
number of grains, n,, in a circular aperture of radius p
is given by n,, = (m/2) Qq p/v, where Q,, is the dust
production rate (in particles per second) under
steady-state conditions. The number of extra dust
grains, n,, created during an outburst of duration t is
given by n, = Q_ t, where Q_ is the extra production
rate above the quiescent value averaged over the
duration of the outburst. Since n/n, = 2.4, p = 2570
km, and t = 4635 s for our observations, the ratio of
these two production rates is given by 2.1/v when v is
in kilometers per second. Using our adopted value for
v (0.076 km s™1) yields a Q ratio of 28. In cometary
work it is usually assumed that the dust velocity is
given by v ~ 0.5r,,795 [N. T. Bobrovnikov, Astron. J.
59, 357 (1954)], which gives a Q ratio of 7 and implies
that the total dust production rate averaged over the
outburst was eight times the quiescent value.
Assuming that all of the molecules produced during the
outburst are contained in the observing aperture, the
number of daughter molecules, n, at time t following
the outburst is related to the number of parent mole-
cules, n,,, produced during the outburst by n, = Ny (1-
e~ where 7 is the parent lifetime. Using our adopted
lifetimes for CS,, and H,0, and an outburst duration of
4635 s, we see that the increase in the number of CS
molecules should be ~64% of the increase in the num-
ber of CS, molecules, while the number of extra OH
molecules should increase by less than 1% of the in-
crease in H,O molecules.
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The Spectrum of Comet Hale-Bopp (C/1995 O1)
Observed with the Infrared Space Observatory
at 2.9 Astronomical Units from the Sun

Jacques Crovisier,” Kieron Leech, Dominique Bockelée-Morvan,
Timothy Y. Brooke, Martha S. Hanner, Bruno Altieri,
H. Uwe Keller, Emmanuel Lellouch

Comet Hale-Bopp (C/1995 O1) was observed at wavelengths from 2.4 to 195 microme-
ters with the Infrared Space Observatory when the comet was about 2.9 astronomical
units (AU) from the sun. The main observed volatiles that sublimated from the nucleus
ices were water, carbon monoxide, and carbon dioxide in a ratio (by number) of 10:6:2.
These species are also the main observed constituents of ices in dense interstellar
molecular clouds; this observation strengthens the links between cometary and inter-
stellar material. Several broad emission features observed in the 7- to 45-micrometer
region suggest the presence of silicates, particularly magnesium-rich crystalline olivine.

These features are similar to those observed in the dust envelopes of Vega-type stars.

The infrared (IR) wavelength region is useful
for investigating comets because (i) comets
are cold and the thermal emission of the
nucleus and dusty atmosphere peaks at IR
wavelengths and (ii) the volatile molecular
species, sublimated from cometary nucleus

ices, can be identified through their funda-
mental bands of vibration, which are seen in
fluorescence excited by solar radiation. IR
observations of comets (1-3) from the ground
are limited to a few atmospheric windows. IR
spectra of comets above Earth’s atmosphere
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