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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,,~©® km s~' and
0.85 r,,%% 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 Qg . 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 Qc52 and Qn,o 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°r, 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,0 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
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Assuming that CO, is flowing outward from the nu-
cleus, the production rate is given by: Qg = (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 8 is the diameter
of the equivalent circular aperture of 2.4 arc sec.

J. Crovisier et al., Science 275, 1904 (1997). We
recomputed Q,, derived from the ISO observations
using an outflow velocity of 0.8 r,, =05 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©-4X0.035)¢ A different 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, Q¢ (in kilograms per sec-
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ond) is given by: Qy, = (0.67)advy 4Afp/A, where
Afp is in meters. We calculated Qg ¢, Using vy g =
0.13r,795(30),a = 10,d = 1,and A, = 0.04 (Table
1and 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,e,) of ~0.06
km s~ atr,, = 6.82 AU, and we have additionally
assumed that v, = 0.05 (,/6.82)79°.

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

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

A spectrum ending at 14:05 universal time (UT) on
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, ngina 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 = 2670
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, = n, (1-
e~ "), where T 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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Fig. 1. The 2.5- to 5-pum spectrum of Hale-Bopp
observed with PHT-S on 27 September 1996.
The aperture is 24 arc sec X 24 arc sec and the
spectral resolution is A/8A ~ 90. Conspicuous are
the bands of H,0 at 2.7 um, CO, at 4.25 um, and
CO at 4.65 pm.

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 long-
period comet (P ~ 2500 years) that will reach
perihelion at 0.91 AU on 1 April 1997, pro-
vides a rare opportunity to measure the whole
IR spectrum of a comet with good spectral
resolution and sensitivity, by use of the Earth-
orbiting 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
pum), the short-wavelength spectrometer
(SWS, 2.4 to 45 um), and the long-wave-
length spectrometer (LWS, 45 to 195 um) on
board ISO (9). The 2.5- to 5-wm spectral
region covers the most intense fundamental
vibrational bands of cometary volatiles which
are emitted through fluorescence (I). This
region was observed at low resolution with
PHT-S. In April, only the vy band of CO, at
4.25 pwm was detected (10). On 27 September
and 6 October, we detected the vy band of
CO, with a high signal-to-noise ratio (SNR),
the H,O band at 2.7 pwm, 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 CO, 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 3.2-
to 3.6-pm emission, which is a major feature
of comets observed at ~1 AU and is attrib-
uted to methanol (CH,OH), ethane (C,Hy),
and other unidentified species (3, 13), was
only detected in the SWS spectra.
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Fig. 2. (Top) The 2.6- to 2.9-pm
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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 X
20 arc sec and the spectral resolu-
tion is /&N ~ 1500. (Bottom) The

bl et =1 synthetic fluorescence spectrum of

| water for Qo = 3.6 X 10%°s77,

Tor = 285 K, and OPR = 2.45,
which is the best fit to the data. All
the observed lines are due to water,
except theline at 2.869 pm which is
identified to the OH v(1-0) P, (5/2)
transition. The ortho and para lines
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The gas production rates Q for H,O, CO,,
and CO were evaluated assuming resonant
fluorescence excited by the sun (Table 1) (I,
14). We assumed optically thin gas flowing
isotropically at constant velocity [0.5 km s™!
in April and 0.7 km s™! in September (15)]
and standard photodissociation lifetimes (16).
These parameters are fairly well known, and
the principal source of error in the gas pro-
duction rates is probably the ~30% uncer-
tainty in the flux calibration.

Other determinations of the production
rates of CO and H,O (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 CO, relative to H,O at large heliocentric
distances (r,) 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 simula-
tions (I18) have been used to evaluate this
fractionation effect, which appears to be im-
portant at 1, = 4.6 AU. Atr, = 2.9 AU, the
[COJH,Q] and [CO,J/[H,0] 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, H,O, CO,
and CO, appear to be the main observed
constituents of cometary ices. Other constit-
uents have relative abundances of the order of
a few percent, at most (15, 19). In this re-
spect, the composition of cometary ice ap-
pears 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 2.6-
to 2.9-wm spectral region, which contains
bands of water (v, v5, 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 wm belong to the v,
H,O band, resolved into its ro-vibrational
lines. The 2.73- to 2.90-wm region shows
several weak lines. Using a fluorescence mod-
el of H,0O (14, 21), we computed a synthetic
spectrum that takes into account excitation of
the v, and v, fundamental bands and of the v,

2.9 ofthe v, band of water are tagged.

+ v — v, v vy —v,and v vy -y
hot bands of H,O. There is a good match with
the observed weak features (Fig. 2). This con-
firms that the cometary emission around 2.8
pm, previously found in Halley and comet
Wilson (C/1986 P1) (22), is mainly due to
H,O (21). An additional line observed at
2.869 wm corresponds to the v(1-0) P, (5/2)
transition of OH. The fluorescence of this line
was predicted to be strong, together with the
v(1-0) Q, (3/2) line at 2.803 wm, which
appears in our spectrum to be blended with
H,O lines (23).

The lines of the v; H,O band are observed
with high SNR. Their relative intensities are
sensitive to the physical conditions of com-
etary water. They allow us to measure the
H,O rotational temperature (T ) and its or-
tho-to-para ratio (OPR), a tracer of the origin
and evolution of comets (24). Using our mod-
el (14, 21), we solved by a least-square meth-
od for the production rate, the OPR and T,
which give the best fit to the observed spec-
trum (Fig. 2). We assumed that the rotational
population distributions for both para and or-
tho states can be described by a single T and

ot

we took opacity effects into account (14). The

Table 1. Molecular production rates from PHT-S
spectra. Upper limits are 3-o. All these results are
subject to a 30% uncertainty on the calibration.
The band for H,0 and CO,, is v and the band for
COis v(1-0). The g-factors (fluorescence efficien-
cy, ins~") are as follows: H,0, 2.9 X 107%; CO,,
2.6 X 1078; CO, 2.6 x 10~%. Molec. indicates
molecule.

Flux

Molec. Wm=2) (Molec. s

27 Apr. 1996: r, = 4.59 AU, A = 4.28 AU
H,O <2.6 X 1077° <1.1 x 10%°
CO, 21X 10718 1.3 X 10°8
CO <1.2X 10715 <9.0 X 10°®

27 Sept. 1996: r, = 2.93 AU, A = 2.96 AU
H,O 2.0x 10714 3.3 X 1029
CO, 2.7 X 1074 7.4 X 1028
CO 6.7 X 1071® 2.3 X 1029
*subject to baseline uncertainty.
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retrieved T, is 28.5 K, in agreement with the
temperatures derived from the radio lines of
other species (15). The OPR is 2.45 = 0.10
and is significantly lower than the statistical
equilibrium value of 3, achieved for tempera-
tures exceeding ~60 K. Such a value suggests
that cometary H,O molecules formed at a
temperature of ~25 K and were not subject to
subsequent re-equilibration (25).

Water was also observed at 6 pm by the
SWS through the ro-vibrational lines of its
v, band. In addition, the far-IR LWS spec-
trum (Fig. 3) shows emission of the 2,,-1¢,
rotational line of water [the 2,,-2,, H,O
line falls at a very close wavelength; its
intensity in cometary atmospheres is ex-
pected to be much smaller, however (14)].
The 303-21; H,;O line is also marginally
present. These lines are, as predicted (I,
14), the strongest cometary lines in this
spectral domain. Acting as coolers, they
have an important role in the thermal bal-
ance of cometary atmospheres.

The 7- to 45-pm region observed with
the SWS on 6 October (the spectrum ob-
tained on 27 September is almost identical)
shows continuum and strong emission fea-
tures at 10 to 12, 19.5, 23.5, and 33.5 um;
less intense features are also seen at 16 and
27.5 wm (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 spec-
trum at 7.5 and 13 to 15 wm (Fig. 4). The
fitted black-body temperature is ~20%
higher than the calculated equilibrium
black-body temperature of 162 K atr, = 2.9
AU, indicating that the thermal emission
arises from particles that are small com-
pared 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
pm has been observed from the ground for
a number of comets at spectral resolution
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Fig. 3. The rotational water lines observed in Hale-
Bopp with the LWS on 6 October 1996. The ap-
erture is 100 arc sec and the spectral resolution is
N3N ~ 200. The [Cll] line at 157.7 um, 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 dis-
tinct peak at 11.3 wm superimposed on a
broader emission; this peak may be attrib-
uted to crystalline olivine (2). Amorphous
silicates have only broad bands around 10
and 20 pm (27). The broad excess emission
at 16 to 26 pm in our spectrum is typical of
silicates (27-30), regardless of specific min-
eralogy. Crystalline olivine (Mg, Fe),SiO,
has additional bands at 16.5, 19.8, 24.0,
27.6, and 33.9 wm (28, 29). Crystalline
pyroxene (Mg, Fe, Ca)SiO; has bands at
15.6, 26.5, 29.5, 37.5, and 49 pm (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-pm spectrum of Hale-Bopp appear to
correspond to those of crystalline olivine
rather than pyroxene. A detailed compari-
son with the spectra obtained for a series of
olivines with various Mg/Fe ratios (28) re-
veals that the peaks of the Hale-Bopp spec-
trum match those of the Mg-rich olivine
(forsterite) more precisely. A Mg-rich com-
position is consistent with the wavelength
of the 11.3-um 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-wm emission observed from the ground
(2, 5, 29). The only previous spectra at

200 T T T T

150

Intensity [Jy]
=
o

o
o
-

0 10 20 30 40

Wavelength [um]

Fig. 4. The 7- to 45-um spectrum of Hale-Bopp
observed with the SWS on 6 October 1996. The
spectral resolution has been degraded to N3\ ~
500. The ripples in the 12- to 28-pm region are
instrumental (caused by interferences at the surface
of the detectors). The instrumental aperture is 14 arc
sec X 20 arc sec up to 12 wm, 14 arc sec X 27 arc
sec from 12 to 29 um, and 20 arc sec X 33 arc sec
above 29 um. The subspectra obtained in the differ-
ent 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-um band to obtain a continu-
ous spectrum. The dotted line shows a black-body
curve fitted to 7.5 and 13 to 15 pm.

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 pm is present in the first
spectrum with possible features at 17,
19.5, and 23.8 pm (7); these peaks are
hardly visible in the other spectra (6).
They were tentatively attributed to crys-
talline silicates. The Hale-Bopp ISO spec-
trum now suggests that the dust of this
comet contains crystalline silicates, and
particularly Mg-rich olivine.

Recent ISO observations of the circum-
stellar disks of Vega-type stars have revealed
that the dust shells around these stars also
contain crystalline silicates (32, 33). Crystal-
line silicates were suggested from analysis of
the 10- to 12-um emission of B Pic (34).
Indeed, the spectrum of HD 100546 (an in-
termediate 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 estab-
lishes 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 pro-
vided 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 tele-
scope 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 relative-
ly warm. Hale-Bopp, however, could be de-
tected 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 pm allow study of comets at an angular
resolution comparable to that of optical and
near-IR observations. Here we present 8- to
13-pm images and spectra of Hale-Bopp
that were taken with a modern array cam-
erafspectrograph during the summer and fall
of 1996, when the comet was still more
than 6 months from perihelion.

We observed Hale-Bopp using the Spec-
troCam-10 imaging spectrograph (I, 2) on
the 5-m Hale telescope at Palomar Obser-
vatory (3) during three observing runs: 1 to
12 June 1996 (when the comet was at a
heliocentric distance 7, = 4.2 AU and a
geocentric distance A = 3.3 AU), 4 to 7
August (r, = 3.5 AU, A = 2.7 AU), and 28
to 30 September (r, = 2.9 AU, A = 3.0
AU). The comet was observed at least brief-
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ly each night except for 3 June. We imaged
Hale-Bopp through 1-pm bandpass filters
spaced across the 10-pwm atmospheric win-
dow in order to measure the comet’s overall
brightness and morphology (Fig. 1). At
wavelength (\) = 10.3 wm, 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 punc-
tuated 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 pro-
duction 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). Dur-
ing 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 point-
ing 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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