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Outgassing Behavior and
Composition of Comet C/1999
S4 (LINEAR) During Its
Disruption
Dominique Bockelée-Morvan, Nicolas Biver," Raphaél Moreno,?
Pierre Colom,” Jacques Crovisier,’ Eric Gérard,” Florence Henry,’

Dariusz C. Lis,® Henry Matthews,* H. A. Weaver,’
Maria Womack,® Michel C. Festou’

The gas activity of comet C/1999 S4 (LINEAR) was monitored at radio wave-
lengths during its disruption. A runaway fragmentation of the nucleus may have
begun around 18 July 2000 and proceeded until 23 July. The mass in small icy
debris (=30-centimeter radius) was comparable to the mass in the large frag-
ments seen in optical images. The mass budget after breakup suggests a small
nucleus (~100- to 300-meter radius) that had been losing debris for weeks. The
HNC, H,CO, H,S, and CS abundances relative to H,O measured during breakup
are consistent with those obtained in other comets. However, a deficiency in

CH,OH and CO is observed.

Cometary nuclei are porous bodies containing
ices and refractory material. It is not uncommon
for cometary nuclei to split into several frag-
ments (/, 2), which demonstrates their fragile
nature. In addition, a number of comets have
been observed to disappear catastrophically (3),
which suggests their disintegration into small
debris being stripped of their ices on short time
scales. Owing to the unpredictable nature of
such events, data on the evolution of the gas-
eous activity of a cometary nucleus undergoing
disruption are sparse. So far, gas monitoring
observations of a fragmenting comet were only
obtained for 73P/Schwassmann-Wachmann 3
).

Comet C/LINEAR’s close approach to
Earth at 0.374 astronomical units (AU; 1 AU =
1.496 X 10! m is the average Earth-Sun dis-
tance), just a few days before perihelion on 26
July 2000, when the comet was 0.765 AU from
the Sun, together with favorable brightness pre-
dictions, made this comet a suitable target for
spectroscopic observations at radio wave-
lengths. This spectral range allows the study of
many volatile molecular species released by the
nucleus as it approaches the Sun (5-9). Radio
observations of C/LINEAR were planned to
expand our data sample used for comparative
studies of cometary composition. Serendipi-

'Observatoire de Paris-Meudon, F-92195, Meudon,
France. ZInstitut de Radioastronomie Millimétrique,
300 rue de la Piscine, Domaine Universitaire, F-38406,
St. Martin d'Héres Cedex, France. 3Department of
Physics, California Institute of Technology, MS 320-
47, Pasadena, CA 91125, USA. #Joint Astronomy Cen-
tre, 660 North A’ohoku Place, Hilo, HI 96720, USA.
%Johns Hopkins University, 3400 North Charles Street,
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University, 720 Fourth Avenue S, MS 324, St. Cloud,
MN 56301-4498, USA. "Observatoire Midi-Pyrénées,
14 avenue Edouard Belin, F-31400, Toulouse, France.
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tously, they provided unprecedented data on the
outgassing behavior of a nucleus undergoing
almost complete disruption.

The observations were made with five dif-
ferent radio telescopes. OH 18-cm observations
were scheduled from 6 July to 3 August 2000 at
the Nangay radio telescope, upgraded with a
new focus system (/0). These observations
were aimed at providing the production rate of
water, which is the source of the OH radical and
the most abundant constituent of cometary ices.
Observations in the millimeter and submillime-
ter ranges were performed with the National
Radio Astronomy Observatory (NRAO) 12-m
Kitt Peak telescope, the Caltech Submillimeter
Observatory (CSO, 10.4 m), the James Clerk
Maxwell Telescope (JCMT, 15 m), and the
Institut de Radio Astronomie Millimétrique
(IRAM) 30-m telescope. Data were acquired in
early January 2000, when comet C/LINEAR
was still at the distance », = 3.2 AU from the
Sun, on 17 to 20 June 2000 (r, = 1.0 AU), 1
July (, = 0.9 AU), and almost daily around
perihelion from 18 July to 3 August (r,, ~ 0.77
AU). Seven molecular species were searched
for (HCN, HNC, CO, H,CO, CH,0H, H,S,
and CS), some of them through several rota-
tional transitions (Table 1). All species, except
CO and CH,OH, were detected (Figs. 1 and 2).
In contrast to other species, which were ob-
served only on selected dates, HCN was con-
tinuously monitored during the scheduled ob-
serving periods (Table 1).

The observed line intensities were con-
verted into gas production rates with standard
techniques (7, //-13). In a normally behaved
comet, one would expect the outgassing rates
to follow a rather smooth », ” law, with n
ranging from 2 to 4. However, observations
of the HCN, H,O (/4), OH (15, 16) (Fig. 3),
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and H Lyman-a emissions (/7) collected in
June and July 2000 show that the gaseous
activity of C/LINEAR was different. HCN
production rates were converted into H,O
production rates assuming Q[HCN]/Q[H,0]
= 0.001, the value commonly derived from
radio range data and also measured in this
comet in July 2000 (/4, 15) (Fig. 3). Several
possible outbursts of activity are noticeable in
the water production rate curve (e.g., 10 to 12
June, 6 July) (15-17). A progressive 10-fold
increase in activity was observed between
18.6 and 23.9 July, followed by a rapid de-
crease over the next 3 days (24 to 26 July)
down to a level ~eight times below the out-
gassing rate recorded on 18 July. The total
visual magnitude, which is sensitive to the
dust and gas production rates, showed a sim-
ilar trend, although of much weaker ampli-
tude (Fig. 3). During the same period, the
dust coma displayed structural changes, sug-
gesting that this peculiar outgassing behavior
was linked to the disruption of the nucleus.
The coma displayed on 23.9 July the typical
teardrop shape with a strong central conden-
sation, but shortly thereafter the coma be-
came more and more elongated, while the
central condensation decreased rapidly in
brightness and was no longer visible on 27.9
July (18). Images taken with the Hubble
Space Telescope (HST) and the Very Large
Telescope (VLT) on 5 and 6 August, respec-
tively, revealed multiple (~16) active frag-
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ments near the expected position of the nu-
cleus of C/LINEAR (/6).

When a cometary nucleus breaks up into
debris, a larger surface area of icy material is
exposed to solar radiation, and this results in
a higher production rate of volatiles in the
coma. The subsequent evolution of the com-
et’s activity depends on the size distribution
of the debris. Small pieces have a large cross
section relative to their mass and contribute
predominantly to the outgassing surge. Small
objects also disappear fast because their vol-
atile content is soon exhausted. If the size
distribution of the comet debris is dominated
by small particles, the outgassing surge can
be brief and will be followed by a rapid
decrease of gas production down to a level
lower than the value before fragmentation. In
contrast, sustained activity, at a level greater
than that before breakup, may be expected
when large fragments dominate. The lifetime
of icy fragments of radius @ (cm) exposed to
solar illumination can be estimated from T,
[day] = 0.14 X a atr, = 0.77 AU, assuming
a bulk density p = 0.5 g cm™3 and an ice-
to-dust mass ratio k = 1 (/9). With the use of
dust terminal velocities derived from the the-
ory of dust acceleration by gas-dust momen-
tum transfer (20, 21), the distance traveled by
icy grains before complete evaporation is es-
timated to be L, [km] = 250 X qg°°
Q[H,0]°° for a nucleus whose radius is
500 m, where Q[H,0] is the water production
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Fig. 1. A selection of radio spectra of comet C/1999 S4 (LINEAR). (A) Average of the 1667- and
1665-MHz lines of the OH radical (scaled to 1667 MHz) observed from 6 to 9 July 2000 at the

Nangay radio telescope. (B) H,CO 3,,-2

line at 225.7 GHz observed at the IRAM 30-m telescope

on 20 to 21 July 2000. (C) CS j(5—4f line at 244.9 GHz observed at the IRAM 30-m telescope on
20 to 21 July 2000. (D) HNC J(3-2) line at 272.0 GHz observed at the IRAM 30-m telescope on 24
July 2000. The horizontal axis is the radial velocity with respect to the comet rest velocity,
projected along the line of sight. The vertical axis shows the main beam brightness temperature
(Tmﬂgé except for the OH line, for which the intensity is given in units of janskys beam™" (Jy; 1 Jy =
10™

W m~2 Hz 7).

rate in units of 10%° molecules s™!. Travel
distances for grains with radii smaller than a
few tens of centimeters are small compared
with the radius of the field of view used
during our radio observations, so that the
nuclear source density distribution assumed
for the production rate determinations (/3)
should be valid if these grains are the domi-
nant source of gas (22). Large fragments,
possibly of 1 m size or larger, nonuniformly
illuminated by the Sun, should be accelerated
by nongravitational forces and might escape
the central part of the coma we observed.
Consequently, their contribution to the gas
production would be underestimated by our
calculations.

The progressive increase in activity from

A S —
18.6 July
1
6 | 19.6 July g
20.5 July
5 |

b 21.5 July

23.8 July

F 24.7 July

25.6 July

26.6 July

L 1 1

-10 -

velocity (km s")5 10
Fig. 2. The HCN J(3-2) line at 265.9 GHz
observed in comet C/1999 S4 (LINEAR) from 18
to 26 July 2000 at the IRAM 30-m telescope.
The vertical and horizontal axes are similar to
those of Fig. 1. Spectra are scaled identically,
but they have been shifted vertically by obser-
vation dates. The dashed lines show their zero
level.
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18 to 23 July suggests that the nucleus of
comet C/LINEAR underwent successive
steps of fragmentation. The area of exposed
icy material increased by a factor of ~10 in 5
days (23). If the gas-to-dust mass production
ratio is 1, the gaseous production during 18 to
23.9 July translates into a minimum mass loss
of material dm,g_,,; = 1.1 X 10° kg (Table
2), which is the mass contained within a
compact sphere having a radius of 81 m,
assuming p = 0.5 g cm™3,

The rapid decrease in gas production dur-
ing 23.9 to 24.7 July suggests that the frag-
mentation phase ended shortly after 23.9 July
UT. It also indicates that icy fragments of
small sizes were then present in copious
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amounts. If one assumes that the fragmenta-
tion stopped around 23.9 July, the decrease of
the HCN production rate between 24.7 and
27.8 July can be explained by sublimating
grains of a single size a ~ 20 cm radius and
lifetime ~2.8 days (19). A size distribution
a3 on 23.9 July reproduces the observed
decrease in HCN production, providing a
maximum size allowed of a_,, = 30 cm
(24). The gas production measured after 23.9
July corresponds to a mass loss in dust and
ices dmy;_,, = 4.4 X 10® kg for k = 1,
mainly released by decimeter-sized icy
chunks. A large mass of material could have
been produced by icy grains of smaller sizes,
if the size distribution after fragmentation

was steeper than a~*. The absence of strong
surges in brightness in the visual light curve
(Fig. 3), the mass in the dust tail on 2 August
(~ 4 X 10® kg) (16), and the low mass losses
measured from H Lyman-a observations (17)
suggest that this was probably not the case.
The mass in the dust tail, when compared
with the gas mass loss rate (Table 2), is
consistent with k ~ 1.

Large nuclearlike fragments, such as those
observed during the HST and VLT observa-
tions (/6), apparently do not contribute sub-
stantially to the gas production measured aﬁer
24 July. Adopting an upper limit of Oy,
10*” molecules s~! derived from the HCN
observations of 28.7 July, we estimate that the

Table 1. Log of selected observations. r, and A are the heliocentric and
geocentric distances, respectively. Temperature scale for the line areas is
main beam brightness temperature. The diffraction limited beam diameter (in
arc sec) scales approximately as 2400/v, 4860/v, 6000/v, at the IRAM 30-m,
JCMT 15-m, and NRAO 12-m telescopes, respectively, where v is the fre-
quency in GHz. The Nangay elliptical beam is 3.5 arc min in right ascension

(RA) and 19 arc min in declination. Because of ephemeris errors, the beam is
offset by ~3 to 6 arc sec in July, ~8 arc sec on 17 June, and ~3 arc sec on
19 to 20 June for millimeter observations. Beam offsets for the Nangay
observations are 0.8 arc min and 2.7 arc min in RA, on 6 to 9 July and 13 to
19 July, respectively. The quoted uncertainties are 1o values. Upper limits are
30 values.

Line area (K km s™7)

UT date <r,> <A> OH
(mm/dd.d) (Av) (Av) HCN HNC(3-2) cs(5-4) H,S H,CO CH,OH co (m)y km s=7)
(110~ 101) (31224,
JCMT 15 m J(4-3) line J(3-2) line
06/17.8 1.06 1.46 0.07 + 0.02
06/19.7 1.03 1.39 0.17 = 0.01 <0.03
06/20.7 1.02 1.36 0.20 + 0.03 <0.13*
NRAO 12 m J(1-0) line
07/01.9 0.90 0.96 0.19 = 0.04
IRAM 30 m J(3-2) line J(2-1) line
07/18.6 0.78 0.42 0.18 = 0.03 <0.07 <0.061 < 0.07
07/19.6 0.78 0.40 0.50 = 0.03 <0.08t <0.04
07/20.6 0.77 0.39 0.54 = 0.05 0.15 = 0.04% 0.05 * 0.02
07/21.6 0.77 0.38 1.20 = 0.09 0.37 = 0.03 0.10=0.03 0.14*0.02
07/23.8 0.77 0.38 2.19£0.08 <0.26% <0.13
07/24.7 0.77 0.38 0.69 = 0.05 0.13 = 0.04 0.05 * 0.02
07/25.7 0.76 0.39 0.13 = 0.02 <0.06t
07/26.7 0.76 0.41 0.05 £ 0.01
07/28.7 0.77 0.45 <0.04
Nancay 18-cm linesy
07/06-09 0.85 0.76 82+ 10
07/13-19 0.79 0.48 —-22+8

*Sum of four lines at 338 GHz.
MHz lines, scaled to 1667 MHz.

1Sum of five lines at 157 GHz.

Table 2. Mass budget. m, is the nucleus mass needed to account for Q. =

8 X 10%” molecules s~ on 18.6 July. dm,,_,,, and dm,,_,,, are the total masses
lost during the 18.6 to 23.8 July and 23.8 to 27 July periods, respectively. m.g is
the mass upper limit in 16 fragments of equal sizes derived from Q,,,, < 10?7
molecules s™" on 28.7 July. dm,q_, is equal to dm g, + E‘mza_,27 + my,
r(dm,g_,) is the radius of the compact sphere with mass 8m._,. The nucleus and

{The CS(3-2) line is also detected and yields the same production rate.

YFrom average 1667 and 1665

fragments masses are computed with two thermal models (20, 23): Model 1
assumes perfect thermal contact between ice and grains at the surface (local
isothermal approximation); model 2 assumes that the ice is thermally isolated
from the grains (zero thermal conductivity approximation). Both models use the
simplifying assumption of fast-rotating objects. Unless specified otherwise, dis-
cussion in the text is based on model 2.

Ice/dust ratio Pure ice k=1 k = 1/10 k = 1/10

Density p=05 p=05 p=05 p=01gcm3

T::;’c’l‘;f' 1 2 1 2 1 2
m,g (kg) 6.1 X 10" 6.1 10" 1.7 x 10" 6.1 X 10" 2.2 X 10" 1.2 X 10" 4.5 x 10"
3M.g 5 (KE) 5.7 X 108 1.1 X 10° 11X 10° 6.2 X 10° 6.2 X 10° 6.2 X 10° 6.2 X 10°
dm,s . (kg 2.2 X 108 4.4 < 108 4.4 x 108 2.4 X 10° 2.4 X 10° 2.4 X 10° 2.4 X 10°
m,e (kg) 6.7 X 108 6.7 X 108 1.9 X 10° 6.7 X 108 2.5 X 10" 1.3 X 108 5.0 X 10°
dm.g_Im. g 2.4% 3.6% 2.0% 15% 1.5% 71% 3.0%
r(dm.s_) (m) 89 102 119 164 253 275 320
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total area of sublimating icy material is less than
0.15 km? (23). If this icy area is distributed
among 16 identical fragments, each with a den-
sity of 0.5 g cm ™3 and an icy area fraction of
50% corresponding to k = 1, the effective
radius of each fragment would be ~40 m and
the total mass in the system would be ~2 X 10°
kg (Table 2 with thermal model 2) (23). This
limit for the total mass contained in large frag-
ments is only a factor of four larger than the
mass found in the ~30-cm debris that produced
the observed gaseous production rate after 23.9
July and is comparable to the mass of gas and
dust produced during 18 to 27 July. The other
(p, k) values tested provide the same qualitative
result (Table 2). Therefore, we can conclude
that the nucleus of C/LINEAR broke up, in
large part, in a cloud of particulate debris. How-
ever, it is still possible that most of the mass of
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C/LINEAR was in inactive or low-activity frag-
ments with ice-to-dust mass ratios much lower
than that of the icy debris. The large fragment
masses derived from their optical observations,
if accurate, would favor this scenario (/6).
The mass budget of volatiles, dust particles,
and fragments released after 18 July, dm,,_, is
very small compared with the mass, m g, con-
tained in a compact sphere with the icy area of
1.2 km? that is needed to support the gaseous
production rate measured on 18 July (Table 2).
With our nominal parameters, p = 0.5 g cm™>
and k = 1, and the thermal model 2, we find
dm . /m ¢ < 2% (Table 2). This ratio can be
increased to almost unity, if one assumes much
lower p and k [e.g.,p = 0.1l gcm 3 and k =
0.1 in the extreme high thermal conductivity
approximation of thermal model 1, which is
unrealistic for such low (p, k) values; Table 2],

. -1
Production rate (molecules s~ )

1027 |
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Heliocentric magnitude

F17
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Fig. 3. Evolution of the H,O production rate and heliocentric total visual magnitude of C/1999 54
(LINEAR) during June to August 2000. H,O production rates (A) or upper limits (V) derived from
HCN observations adopting Q[HCN)/Q[H,O] = 1073. H,O production rates derived from OH
observations: Nancay (M), ground-based UV (75) (J), and HST UV (76) (<). H,O observations: IR
(®) (74). Heliocentric visual magnitudes, taken from (30), that have been daily averaged (O). The
dashed curve is the r;, 2 variation expected from simple sublimation models of nuclear ices. The
HCN data suggest that a huge outburst, not seen by (77), occurred on 1 July. Note that, in contrast
to gas observations, the visual magnitude samples the whole coma made of dust particules of
different ages. Consequently, the variations in visual magnitude are much smaller than the

variations in gas production rate.

Table 3. Production rates Q relative to water. They were deduced from Q/Q[HCN], assuming Q[HCN]/
Q[H,0] = 0.1%. For nondetections, 3o upper limits are quoted, except for CH,;OH for which we give the
40 upper limit. Indeed, a marginal signal at the 4o level is observed.

an assumption that implies a high porosity of
the nucleus. A more likely explanation is that
icy grains were already contributing to the gas
production on 18 July. Because the mass bud-
get is equivalent to a compact sphere of at most
100 to 300 m radius (Table 2), this suggests a
small size for the nucleus of C/LINEAR and a
comparatively large contribution of icy grains
to the gas activity on 18 July. Evidence that
cm-sized icy grains could be a major secondary
source of water vapor was already found when
comet C/1996 B2 (Hyakutake) was undergoing
fragmentation (25). The still higher production
rates in C/LINEAR measured before 18 July,
the drop of activity after 13 July, and the many
gas outbursts reported (Fig. 3) (15-17) suggest
that the comet was continuously losing debris,
at least several weeks before its total disruption.

The measured chemical abundances (Table
3) provide information on the composition of
the ice in the nucleus at the time of fragmenta-
tion. This is in contrast to determinations made
in previous comets, for which it could be ar-
gued that chemical differentiation in the upper
layers of the nucleus might make the chemical
abundances measured in the coma not fully
representative of the bulk composition of the
nucleus. All species, except HNC, were ob-
served on at least two different days during the
18 to 25 July period (Table 1). Even though the
HCN production rate varied substantially dur-
ing this time, the abundances relative to HCN
for the individual days are constant within the
uncertainties. In other words, the relative abun-
dances did not change during the breakup
phase, indicating that the nucleus had a homo-
geneous composition.

HNC, H,CO, H,S, and CS production
rates relative to water are in the range of
those measured in other comets (7, 9, 11, 26).
The upper limit obtained for the CO relative
abundance demonstrates that comet C/LIN-
EAR is CO-depleted when compared with
comets Hale-Bopp and Hyakutake (7, 9).
Emissions from CO were detected at ultravi-
olet (UV) (16) and infrared (IR) (/4) wave-
lengths on 5 July, and the derived CO abun-
dance is only ~1%. We did not securely
detect CH,OH and obtained an upper limit of
~1% on its relative abundance (Table 3),
showing that C/LINEAR is also depleted in
CH,OH. The upper limit set by IR observa-
tions (0.2%) is even lower (/4). Methanol
abundances vary widely (1 to 8%) (26, 27)
from comet to comet. Comet C/1996 QI
(Tabur), which also underwent catastrophic
disruption (28, 29), also belongs to the class
of CH,OH-depleted comets (Q[CH,OHY/
QO[H,0] < 1.4%) (26).

Cometary ices trace the molecular com-
position of the solar nebula in the giant plan-
ets’ region where they formed, as well as the
temperature environment that led to their
condensation. Ices found in comet Hale-Bopp
had many similarities with the ices present in

Species Date range Q/Q[H,0]
HCN June 17.7 to July 26.7 Assumed 0.1%
co June 20.1 <8.4%
July 23.8 <7.2%
CH,OH July 23.8 =0.96%
H,CO July 20.6-21.6 0.56 £ 0.13%
Ccs July 20.6-21.7 0.12 + 0.02%
H,S July 21.4-24.7 034 +0.1%
HNC July 24.7 0.017 = 0.006%
1342 18 MAY 2001 VOL 292 SCIENCE www.sciencemag.org



star-forming regions, suggesting that the out-
er parts of the solar nebula inherited, to a
large extent, the composition of the protoso-
lar cloud (9). The CO depletion inferred in
C/LINEAR ices might reflect their formation
at higher temperatures than for Hale-Bopp,
that is, closer to the Sun (/4). However,
given the small size of C/LINEAR nucleus
and its high level of activity at r, = 4 AU,
which is better explained by CO sublimation
(5, 6), a depletion of the CO reservoir well
before perihelion cannot be excluded. The
CH,0H depletion, compared with normal
abundances in species with similar volatilities
(HCN), is difficult to explain by these two
mechanisms.
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Charge Exchange-Induced X-Ray
Emission from Comet C/1999
S4 (LINEAR)

C. M. Lisse,’™ D. ). Christian,’? K. Dennerl,? K. J. Meech,*
R. Petre,’ H. A. Weaver, S. J. Wolk’

Using soft x-ray observations of the bright new comet C/1999 S4 (LINEAR) with
the Chandra x-ray observatory, we have detected x-ray line emission created
by charge exchange between highly ionized solar wind minor ions and neutral
gases in the comet’s coma. The emission morphology was symmetrically cres-
cent shaped and extended out to 300,000 kilometers from the nucleus. The
emission spectrum contains 6 lines at 320, 400, 490, 560, 600, and 670 electron
volts, attributable to electron capture and radiative deexcitation by the solar
wind species C*5, C*, N7, 0*7, and O*®. A contemporaneous 7-day soft
x-ray light curve obtained using the Extreme Ultraviolet Explorer demonstrates
a large increase in the comet’s emission coincident with a strong solar flare on

14 and 15 July 2000.

Fifteen comets have now been detected in x-
rays, using the BeppoSAX, Extreme Ultraviolet
Explorer (EUVE), and Rontgen Satellite
(ROSAT) spacecraft (/-7). Comparison of
these results shows that (i) the emission is
confined to the cometary coma between the
nucleus and the Sun in a region 10° to 10° km
in extent; (ii) that it is not correlated with ex-
tended dust or plasma tails; (iii) that it is not
correlated in time with the solar x-ray flux; (iv)
that the spectrum is soft with little C (0.28 keV)
or O (0.53 keV) K-shell line emission; (v) that
it is not due to scattering or resonance fluores-
cence or dust-dust impacts; and (vi) that all
comets within 2 AU of the Sun and brighter
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than V = 12 were detected. The emission
scales roughly as Q2.°, where Q,,, is the gas
production rate from the comet, and decreases
at high levels of cometary dust production,
Qgus Current models (e.g., model thermal
bremsstrahlung continuum with kT ~ 0.25
keV) predict a spectrum strongly increasing in
intensity with increasing wavelength in the ex-
treme ultraviolet (EUV)/soft x-ray region of the
spectrum, with emission due to resonance flu-
orescence of solar x-rays contributing at most
20% from lines of atomic O at 530 eV and
atomic C.at 280 eV (3, 4).

Numerous potential physical mechanisms
responsible for the emission have been pub-
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