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sublimation curves and the observed values of QH2O.
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 transition from a CO-dominated comet to a H2O-dominated
one.
24. 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.
25. H. A. Weaver et al., Astrophys. J. 422, 374 (1994).
26. Assuming that CO2 is flowing outward from the nucleus, the production rate is given by: QCO2 5 (7.25 3
1018)vurh2DB/g where g is the rate constant, v 5 0.8
rh20.5 km s21, B is the observed brightness of the
Cameron (1, 0) band in rayleighs, and u is the diameter
of the equivalent circular aperture of 2.4 arc sec.
27. J. Crovisier et al., Science 275, 1904 (1997). We
recomputed QCO2 derived from the ISO observations
using an outflow velocity of 0.8 rh20.5 in order to be
consistent with the assumptions made in analyzing
the HST data.
28. 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 Afr 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 Afr varied with aperture size, typically at
the 10 to 30% level, probably due to temporal variability in the comet. By comparing the HST imaging
and spectral data, we found empirically that Afr near
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ond) is given by: Qdust 5 (0.67)advdust Afr/Ap where
Afr is in meters. We calculated Qdust using vdust 5
0.13 rh20.5 (30), a 5 10, d 5 1, and Ap 5 0.04 (Table
1 and Fig. 4).
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C. Arpigny et al., Atlas of Cometary Spectra (Kluwer,
Dordrecht, 1997).
L. Kamél, Icarus 122, 428 (1996) and (14).
A spectrum ending at 14:05 universal time (UT ) on
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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 micrometers 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 interstellar 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 fundamental 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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Fig. 1. The 2.5- to 5-mm spectrum of Hale-Bopp
observed with PHT-S on 27 September 1996.
The aperture is 24 arc sec 3 24 arc sec and the
spectral resolution is l/dl ; 90. Conspicuous are
the bands of H2O at 2.7 mm, CO2 at 4.25 mm, and
CO at 4.65 mm.

have been observed for comet Halley, from
the VEGA space probes, and from the Kuiper
Airborne Observatory (4–7), but they were
limited in spectral coverage, resolution, or
both. Hale-Bopp, an intrinsically bright longperiod comet (P ; 2500 years) that will reach
perihelion at 0.91 AU on 1 April 1997, provides a rare opportunity to measure the whole
IR spectrum of a comet with good spectral
resolution and sensitivity, by use of the Earthorbiting Infrared Space Observatory (ISO).
Our observations (8) were performed with
the grating spectrometer of the photometer
(PHT-S, wavelengths of 2.5 to 5 and 6 to 12
mm), the short-wavelength spectrometer
(SWS, 2.4 to 45 mm), and the long-wavelength spectrometer (LWS, 45 to 195 mm) on
board ISO (9). The 2.5- to 5-mm spectral
region covers the most intense fundamental
vibrational bands of cometary volatiles which
are emitted through fluorescence (1). This
region was observed at low resolution with
PHT-S. In April, only the n3 band of CO2 at
4.25 mm was detected (10). On 27 September
and 6 October, we detected the n3 band of
CO2 with a high signal-to-noise ratio (SNR),
the H2O band at 2.7 mm, and the CO v(1-0)
band (Fig. 1) (11). These bands were also
observed at higher spectral resolution with the
SWS (12). The CO and CO2 bands were seen
with a lower SNR compared to the PHT-S
spectra due to the limited sensitivity of the
SWS detectors at these wavelengths. The 3.2to 3.6-mm emission, which is a major feature
of comets observed at ;1 AU and is attributed to methanol (CH3OH), ethane (C2H6),
and other unidentified species (3, 13), was
only detected in the SWS spectra.
J. Crovisier, D. Bockelée-Morvan, E. Lellouch, Observatoire de Paris-Meudon, F-92195 Meudon, France.
K. Leech and B. Altieri, ISO Science Operations Centre,
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The gas production rates Q for H2O, CO2,
and CO were evaluated assuming resonant
fluorescence excited by the sun (Table 1) (1,
14). We assumed optically thin gas flowing
isotropically at constant velocity [0.5 km s21
in April and 0.7 km s21 in September (15)]
and standard photodissociation lifetimes (16).
These parameters are fairly well known, and
the principal source of error in the gas production rates is probably the ;30% uncertainty in the flux calibration.
Other determinations of the production
rates of CO and H2O (from OH) at radio
wavelengths and in the ultraviolet with the
Hubble Space Telescope are similar to our
estimates (17). The production rates of CO
and CO2 relative to H2O at large heliocentric
distances (rh) where Hale-Bopp was observed
may not be representative of the true mixing
ratios in the nucleus because of the high
volatility of these species. Numerical simulations (18) have been used to evaluate this
fractionation effect, which appears to be important at rh 5 4.6 AU. At rh 5 2.9 AU, the
[CO]/[H2O] and [CO2]/[H2O] measured in
the coma of Hale-Bopp could be closer to the
mixing ratios of the nucleus ices, but may still
be an overestimate. In any case, H2O, CO,
and CO2 appear to be the main observed
constituents of cometary ices. Other constituents have relative abundances of the order of
a few percent, at most (15, 19). In this respect, the composition of cometary ice appears to be very similar to that of interstellar
ice observed by ISO (20).
On 27 September and 6 October, specific
SWS observations were dedicated to the 2.6to 2.9-mm spectral region, which contains
bands of water (n1, n3, and several hot bands),
as well as the O-H stretching modes of several
molecules (Fig. 2). The strong lines observed
between 2.62 and 2.73 mm belong to the n3
H2O band, resolved into its ro-vibrational
lines. The 2.73- to 2.90-mm region shows
several weak lines. Using a fluorescence model of H2O (14, 21), we computed a synthetic
spectrum that takes into account excitation of
the n1 and n3 fundamental bands and of the n2
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2.9

Fig. 2. ( Top) The 2.6- to 2.9-mm
spectrum of Hale-Bopp observed
with the SWS, an average of the 27
September and 6 October 1996
data. The aperture is 14 arc sec 3
20 arc sec and the spectral resolution is l/dl ; 1500. (Bottom) The
synthetic fluorescence spectrum of
water for QH2O 5 3.6 3 1029 s21,
Trot 5 28.5 K, and OPR 5 2.45,
which is the best fit to the data. All
the observed lines are due to water,
except the line at 2.869 mm which is
identified to the OH v(1-0) P1 (5/2)
transition. The ortho and para lines
of the n3 band of water are tagged.

1 n3 2 n2, n1 1 n3 2 n1, and n1 1 n3 2 n3
hot bands of H2O. There is a good match with
the observed weak features (Fig. 2). This confirms that the cometary emission around 2.8
mm, previously found in Halley and comet
Wilson (C/1986 P1) (22), is mainly due to
H2O (21). An additional line observed at
2.869 mm corresponds to the v(1-0) P1 (5/2)
transition of OH. The fluorescence of this line
was predicted to be strong, together with the
v(1-0) Q1 (3/2) line at 2.803 mm, which
appears in our spectrum to be blended with
H2O lines (23).
The lines of the n3 H2O band are observed
with high SNR. Their relative intensities are
sensitive to the physical conditions of cometary water. They allow us to measure the
H2O rotational temperature (Trot) and its ortho-to-para ratio (OPR), a tracer of the origin
and evolution of comets (24). Using our model (14, 21), we solved by a least-square method for the production rate, the OPR and Trot
which give the best fit to the observed spectrum (Fig. 2). We assumed that the rotational
population distributions for both para and ortho states can be described by a single Trot and
we took opacity effects into account (14). The
Table 1. Molecular production rates from PHT-S
spectra. Upper limits are 3-s. All these results are
subject to a 30% uncertainty on the calibration.
The band for H2O and CO2 is n3 and the band for
CO is n(1-0). The g-factors (fluorescence efficiency, in s21) are as follows: H2O, 2.9 3 1024; CO2,
2.6 3 1023; CO, 2.6 3 1024. Molec. indicates
molecule.
Molec.

Flux
(W m22)

Q
(Molec. s21)

27 Apr. 1996: rh 5 4.59 AU, D 5 4.28 AU
H2O
,2.6 3 10215
,1.1 3 1029
CO2
2.1 3 10215
1.3 3 1028
CO
,1.2 3 10215
,9.0 3 1028
27 Sept. 1996: rh 5 2.93 AU, D 5 2.96 AU
H2O
2.0 3 10214
3.3 3 1029
CO2
2.7 3 10214
7.4 3 1028
CO
6.7 3 10215
2.3 3 1029*
*subject to baseline uncertainty.
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Fig. 3. The rotational water lines observed in HaleBopp with the LWS on 6 October 1996. The aperture is 100 arc sec and the spectral resolution is
l/dl ; 200. The [CII] line at 157.7 mm, also
present in the same field observed several days
later, is probably due to emission originating in the
background interstellar medium.
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;50 (2, 5), including Hale-Bopp (26). This
band may be due to the stretching mode of
Si-O in small silicate grains. Several of the
comets, including Hale-Bopp, exhibit a distinct peak at 11.3 mm superimposed on a
broader emission; this peak may be attributed to crystalline olivine (2). Amorphous
silicates have only broad bands around 10
and 20 mm (27). The broad excess emission
at 16 to 26 mm in our spectrum is typical of
silicates (27–30), regardless of specific mineralogy. Crystalline olivine (Mg, Fe)2SiO4
has additional bands at 16.5, 19.8, 24.0,
27.6, and 33.9 mm (28, 29). Crystalline
pyroxene (Mg, Fe, Ca)SiO3 has bands at
15.6, 26.5, 29.5, 37.5, and 49 mm (30)
(there is some variation in peak positions
among the pyroxenes, but none of the peaks
are the same as those of olivine). Thus, all
the emission features observed in the 6- to
45-mm spectrum of Hale-Bopp appear to
correspond to those of crystalline olivine
rather than pyroxene. A detailed comparison with the spectra obtained for a series of
olivines with various Mg/Fe ratios (28) reveals that the peaks of the Hale-Bopp spectrum match those of the Mg-rich olivine
(forsterite) more precisely. A Mg-rich composition is consistent with the wavelength
of the 11.3-mm peak and with the dust
particle composition measured during the
Halley fly-bys (31).
Until now, the nature of cometary dust
has been a debated issue primarily on the
basis of analysis of the shape of the 9- to
12-mm emission observed from the ground
(2, 5, 29). The only previous spectra at

Intensity [Jy]

retrieved Trot is 28.5 K, in agreement with the
temperatures derived from the radio lines of
other species (15). The OPR is 2.45 6 0.10
and is significantly lower than the statistical
equilibrium value of 3, achieved for temperatures exceeding ;60 K. Such a value suggests
that cometary H2O molecules formed at a
temperature of ;25 K and were not subject to
subsequent re-equilibration (25).
Water was also observed at 6 mm by the
SWS through the ro-vibrational lines of its
n2 band. In addition, the far-IR LWS spectrum (Fig. 3) shows emission of the 212-101
rotational line of water [the 221-212 H2O
line falls at a very close wavelength; its
intensity in cometary atmospheres is expected to be much smaller, however (14)].
The 303-212 H2O line is also marginally
present. These lines are, as predicted (1,
14), the strongest cometary lines in this
spectral domain. Acting as coolers, they
have an important role in the thermal balance of cometary atmospheres.
The 7- to 45-mm region observed with
the SWS on 6 October (the spectrum obtained on 27 September is almost identical)
shows continuum and strong emission features at 10 to 12, 19.5, 23.5, and 33.5 mm;
less intense features are also seen at 16 and
27.5 mm (Fig. 4). The spectrum represents
thermal emission from the dust grains in the
coma. A temperature of 200 K was derived
by fitting a black-body curve to the spectrum at 7.5 and 13 to 15 mm (Fig. 4). The
fitted black-body temperature is ;20%
higher than the calculated equilibrium
black-body temperature of 162 K at rh 5 2.9
AU, indicating that the thermal emission
arises from particles that are small compared to the wavelength.
The spectral peaks may be indicative of
minerals within the dust particles. The
emission feature at a wavelength of 9 to 12
mm has been observed from the ground for
a number of comets at spectral resolution
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Fig. 4. The 7- to 45-mm spectrum of Hale-Bopp
observed with the SWS on 6 October 1996. The
spectral resolution has been degraded to l/dl ;
500. The ripples in the 12- to 28-mm region are
instrumental (caused by interferences at the surface
of the detectors). The instrumental aperture is 14 arc
sec 3 20 arc sec up to 12 mm, 14 arc sec 3 27 arc
sec from 12 to 29 mm, and 20 arc sec 3 33 arc sec
above 29 mm. The subspectra obtained in the different bands of the instrument, which were offset with
respect to one another due to different instrumental
apertures and to calibration uncertainties, have been
scaled to the 6- to 12-mm band to obtain a continuous spectrum. The dotted line shows a black-body
curve fitted to 7.5 and 13 to 15 mm.

longer wavelengths were from airborne
observations of Halley at 1.2 to 1.4 AU,
with a resolution of ;100 (7) or ;25 (6).
A peak at 28.4 mm is present in the first
spectrum with possible features at 17,
19.5, and 23.8 mm (7); these peaks are
hardly visible in the other spectra (6).
They were tentatively attributed to crystalline silicates. The Hale-Bopp ISO spectrum now suggests that the dust of this
comet contains crystalline silicates, and
particularly Mg-rich olivine.
Recent ISO observations of the circumstellar disks of Vega-type stars have revealed
that the dust shells around these stars also
contain crystalline silicates (32, 33). Crystalline silicates were suggested from analysis of
the 10- to 12-mm emission of b Pic (34).
Indeed, the spectrum of HD 100546 (an intermediate star between Herbig Ae/Be stars
and Vega-like objects) shows features similar
to those in Fig. 4 (32). The similarity of these
spectra with our spectra of Hale-Bopp establishes a possible link between the primordial
solar system dust preserved in comets and the
dust around young stars. It has even been
suggested that the grains in HD 100546 are
being released from cometary bodies colliding
with the central star (35).
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Ground-Based Thermal Infrared Observations of
Comet Hale-Bopp (C/1995 O1) During 1996
T. L. Hayward and M. S. Hanner
Thermal infrared (IR) imaging and spectroscopy of comet Hale-Bopp (C/1995 O1) during
June, August, and September 1996 traced the development of the dust coma several
months before perihelion. Images revealed nightly variations in the brightness of the inner
coma from 1 to 12 June that were correlated with the appearance of a northward-pointing
jet. The central IR flux increased by a factor of 8 between 1 June and 30 September, and
the September data showed IR jets that corresponded to similar structures that were
visible in reflected sunlight at shorter wavelengths. At all epochs, 8- to 13-micrometer
spectra of the central coma revealed a strong silicate emission feature, including an
11.2-micrometer feature indicative of crystalline olivine, even when the comet was at a
heliocentric distance of 4.1 astronomical units.

Comet Hale-Bopp (C/1995 O1) has provided a rare opportunity for observation of a
bright, active comet at large heliocentric
distances. The comet’s high intrinsic
brightness is particularly important to IR
studies of thermal emission from cometary
dust grains because the thermal background
radiation from a warm ground-based telescope limits sensitivity. Most comets can
thus be studied in detail only when they are
within 1 or 2 astronomical units (AU) of
the sun, where their dust grains are relatively warm. Hale-Bopp, however, could be detected easily in the thermal IR when it was
still far from the sun and its grains were
relatively cool. Also, recent advances in
two-dimensional array detectors sensitive to
IR radiation at wavelengths between 5 and
30 mm allow study of comets at an angular
resolution comparable to that of optical and
near-IR observations. Here we present 8- to
13-mm images and spectra of Hale-Bopp
that were taken with a modern array camera/spectrograph during the summer and fall
of 1996, when the comet was still more
than 6 months from perihelion.
We observed Hale-Bopp using the SpectroCam-10 imaging spectrograph (1, 2) on
the 5-m Hale telescope at Palomar Observatory (3) during three observing runs: 1 to
12 June 1996 (when the comet was at a
heliocentric distance rh 5 4.2 AU and a
geocentric distance D 5 3.3 AU), 4 to 7
August (rh 5 3.5 AU, D 5 2.7 AU), and 28
to 30 September (rh 5 2.9 AU, D 5 3.0
AU). The comet was observed at least briefT. L. Hayward, Center for Radiophysics and Space
Research, Cornell University, Ithaca, NY 14853, USA.
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ly each night except for 3 June. We imaged
Hale-Bopp through 1-mm bandpass filters
spaced across the 10-mm atmospheric window in order to measure the comet’s overall
brightness and morphology (Fig. 1). At
wavelength (l) 5 10.3 mm, the inner coma
region within a circle 3 arc sec in diameter
centered on the nucleus brightened from 1
to 8 Janskys (Jy) between 1 June and 30
September. This change was greater by a
factor of 2 to 4 than the approximately 1 to
1.5 magnitude increase in the total visual
magnitude reported during this period, due
in part to the increasing temperature of the
grains. The general brightening was punctuated by a number of outbursts; during
some outbursts, the comet’s brightness
within the 3-arc-sec circle increased by a
factor of 2. Similar short-term brightness
increases were observed in comet P/Halley
(4). A short-term change in the dust production rate would be expected to cause a
larger percentage change in the brightness
of the inner few arc seconds than in the
brightness of the entire coma (4).
On 2 June, when Hale-Bopp was at a
typical inter-outburst brightness, the inner
coma was nearly symmetric (Fig. 1A). During the first observed outburst on 4 June, a
prominent northward-pointing jet appeared
(Fig. 1B). The jet varied noticeably from
night to night through the remainder of the
June run. By August, the jet had evolved
into the broader fan that was familiar from
optical images (Fig. 1C). In September (Fig.
1D), we detected as many as five jets that
appeared to be the thermal IR counterparts
of jets seen in reflected sunlight in the
optical and near-IR, including a jet pointing to the west, in the direction of the sun.
In the 28 September image, the brightness
within synthetic apertures of increasing di-
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