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ABSTRACT

We conducted a sensitive search for the resonance lines of Ari (ll1048.22, 1066.66) and Ovi (ll1031.93,
1037.62) in the spectra of three long-period comets observed with theFar Ultraviolet Spectroscopic Explorer
(FUSE). Argon emission wasnot detected from C/1999 T1 (McNaught-Hartley), C/2001 A2 (LINEAR), or C/2000
WM1 (LINEAR). Compared with the solar value, the [Ar/O] ratio is depleted in C/A2 by at least a factor of 10
and in C/WM1 by at least a factor of 13. The [Ar/O] upper limit for C/T1 is essentially the solar value, as our
measurement was much less sensitive for that case. We also detected CO, which has a volatility similar to that of
argon, during theFUSE observations. C/T1 was CO-rich ([CO/H2O] ≈ 13%), while both C/A2 and C/WM1 were
CO-poor ([CO/H2O] ≈ 0.7% for C/A2 and≈0.4% for C/WM1). The argon and CO depletions in C/A2 and C/WM1
suggest formation temperatures�60 K for both of these comets. The high CO abundance and upper limit on the
argon abundance in C/T1 suggest that its formation temperature was in the range of∼40–50 K. No Ovi emission
was detected from comets C/T1 or C/A2, but the stronger line was marginally detected in C/WM1.

Subject headings: comets: general — comets: individual (C/1999 T1, C/2000 WM1, C/2001 A2) —
ultraviolet: solar system

1. INTRODUCTION

Because the noble gases are both chemically inert and highly
volatile, they are particularly useful for tracing the history of
cometary matter and for elucidating the role played by comets
in the formation and evolution of planetary atmospheres (Owen
& Bar-Nun 2001). In principle, the abundances of the different
noble gases (e.g., He, Ne, Ar, Kr, and Xe, in order of increasing
atomic mass and decreasing volatility) can be used to constrain
the thermal evolution of cometary matter, and a comparison of
the noble gas abundances in comets and planetary atmospheres
can be used to gauge the role of cometary bombardment in the
planet’s evolution. However, remote observations of the noble
gases are problematic because their resonance transitions lie in
the far-ultraviolet spectral region ( A˚ ), accessible onlyl ≤ 1200
from space and outside the wavelength range covered by the
Hubble Space Telescope (HST) and theChandra X-Ray Obser-
vatory.

There was a marginal detection of the two principal reso-
nance lines of argon at 1048.22 and 1066.66 A˚ during a sound-
ing rocket observation of C/1995 O1 (Hale-Bopp) in 1997, and
the deduced [Ar/O] ratio was times the solar value1.8� 0.96
(Stern et al. 2000).7 Laboratory data on the capture of noble
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Stern et al. usedQ , whereQ refers to the species production rate,p 1.5QO H O2

for comet Hale-Bopp, which is somewhat different than the relations adopted
for the comets discussed here (see § 3).

gases in water ice indicate that a solar [Ar/O] ratio can only
be obtained if the equilibrium temperature of the nucleus never
climbs above∼30 K (Owen & Bar-Nun 1995). Owen & Bar-
Nun (2001) suggest that the [Ar/O] ratio in most cometary
nuclei should be depleted by a large factor (∼10–100) relative
to the solar value, if cometary bombardment is to explain the
pattern of noble gas abundances observed in the terrestrial and
martian atmospheres. However, they also point out that impacts
by comets having nearly solar [Ar/O] ratios are necessary to
explain the noble gas pattern in the atmosphere of Venus.

The recent launch and successful deployment of theFar
Ultraviolet Spectroscopic Explorer (FUSE) satellite observa-
tory (Moos et al. 2000) enable much more sensitive searches
for argon in comets than can be accomplished from rocket
experiments. Following the implementation of its moving target
capabilities in late-2000, we usedFUSE during 2001 to observe
three moderately bright long-period comets: C/1999 T1
(McNaught-Hartley), C/2001 A2 (LINEAR), and C/2000 WM1
(LINEAR). Over 60 new spectral features were discovered dur-
ing the cometary observations withFUSE. A general discussion
of the spectra will be presented later (H. A. Weaver et al. 2002,
in preparation), and a detailed discussion of the emissions from
CO and H2 are given in Feldman, Weaver, & Burgh (2002).
Here we focus on searches for argon and Ovi. The Ovi lines
at 1031.93 and 1037.62 A˚ are the strongest signature of charge
exchange between solar wind ions and neutral cometary spe-
cies, which is thought to be the dominant excitation mechanism
for X-ray emissions from comets (Lisse et al. 1999, 2001;
Krasnopolsky & Mumma 2001), in theFUSE spectral range.

2. OBSERVATIONS

FUSE consists of four co-aligned telescopes with spectro-
graphs, two of which have optics coated with silicon carbide
(the SiC1 and SiC2 channels) and two coated with lithium
fluoride over aluminum (the LiF1 and LiF2 channels). Each
channel has three entrance apertures (LWRS, MDRS, and HIRS
with sizes of , , and , respec-′′ ′′ ′′ ′′ ′′30 # 30 4 # 20 1�.25# 20
tively) that feed Rowland spectrographs having a reciprocal
dispersion of 0.0062 A˚ pixel in the LiF channels and 0.0067�1
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TABLE 1
Log of FUSE Cometary Observations

Comet
Date

(UT 2001)

Exposure Time
(s)

r
(AU)

ṙ
(km s )�1

D
(AU)

Ḋ
(km s )�1

f
(deg)

F10.7
(sfu)Night Total

C/T1 . . . . . . . . . Feb 3.74–4.17 2440 15,780 1.43 �15.0 1.29 �0.56–0.89 42 144
C/A2 . . . . . . . . . Jul 12.58–12.89 9530 16,485 1.20 �22.8 0.30 �14.6 46 138
C/WM1 . . . . . . Dec 7.37–10.01 34,577 36,557 1.12 �28.3 0.34 �13–14 58 216

Note.—The date refers the range of times over which data were taken; night refers to the total exposure time when
the spacecraft was in the Earth’s shadow, and total refers to the total exposure time;r and are the comet’s heliocentricṙ
distance and heliocentric radial velocity, respectively;D and are the comet’s geocentric distance and geocentric radialḊ
velocity, respectively;f is the Sun-comet-Earth angle, also called the solar phase angle; and F10.7, a solar activity index,
refers to the average daily solar flux at cm at AU in solar flux units (1 sfup 10�22 W m Hz ).�2 �1l p 10.7 r p 1

Fig. 1.—FUSE spectra of three long-period comets: C/1999 T1 (McNaught-
Hartley), C/2001 A2 (LINEAR), and C/2000 WM1 (LINEAR). Data from the
LiF1 and LiF2 channels were weighted by the effective areas of each channel
and then averaged. Only the region in the vicinity of the Ari and Ovi lines
is plotted; the dashed vertical lines mark the predicted locations of these lines.
The original spectra were rebinned from 16,384 pixels to 2048 pixels and
further smoothed by a 3 pixel running average. A spline fit was used to remove
a background level that varied slowly with wavelength in the spectrum of C/
1999 T1. The effective exposure times were 15,780 s for C/1999 T1 (of which
2440 s was during orbital night), 9530 s for C/2001 A2 (night-only data), and
34,577 s for C/2000 WM1 (night-only data). The spectra of C/A2 and C/T1
are divided by a factor of 1.5 and displaced vertically for clarity. There is a
marginal detection (3.8j) of the Ovi line near 1032 A˚ in the spectrum of C/
2000 WM1, but otherwise no Ari and Ovi emissions are observed. Cometary
emission in the Oi 3 multiplet is observed near 1040 A˚ (it is mostly terrestrial
airglow for C/1999 T1), and there are several other unidentified, but real,
cometary emissions (marked by ?).

Å pixel in the SiC channels. For each cometary observation,�1

the nucleus was centered in the LWRS aperture using an on-
board acquisition sequence that centroided the brightness in the
cometary continuum,8 and the telescope was commanded to track
at the cometary rate of motion. The jitter about the comet’s track
was less than∼1�.5. All data were taken in time-tag mode with
a resolution of 1 Hz and were processed using the CALFUSE
version 2.0.5 calibration software. The absolute fluxes derived
from FUSE spectra have an accuracy of∼10%. The wavelength
scale was adjusted to a cometocentric frame and should be ac-
curate to∼5 km s . Further discussion of the technical aspects�1

of FUSE can be found in Sahnow et al. (2000).9

Table 1 lists the observing circumstances for theFUSE com-

8 The Fine Error Sensor, or FES, is a CCD camera with anR-band filter.
9 See also http://fuse.pha.jhu.edu/support/guide/obsguide.html.

etary investigations. C/1999 T1 has an orbital period of
∼580,000 yr but is definitelynot making its first trip to the inner
solar system from the Oort cloud (B. Marsden 2001, private
communication). No significant temporal variability wasdetected
by other observers near the time of theFUSE observations (N.
Biver 2002, private communication; Bergin et al. 2001), although
some spectral variability was seen (Lynch et al. 2001). We ob-
served C/T1 withFUSE during five consecutive orbits. As the
primary purpose was to test the ability ofFUSE to acquire and
track cometary targets, these observations were conducted under
conditions that were not optimal for a scientific investigation.
Most of the data were accumulated during the daytime portion
of the orbit and suffer some contamination from terrestrial day-
glow emissions (Feldman et al. 2001).

C/2001 A2 has an orbital period of∼33,000 yr and displayed
erratic activity during the spring and summer of 2001, including
the ejection of several fragments (Sekanina et al. 2002).FUSE
observed C/A2 for five consecutive orbits following a major
outburst on 2001 July 12. The brightness of the CO (0, 0) band
in the C–X system decreased by nearly a factor of 2 during
the course of theFUSE observations, and the continuum bright-
ness declined by∼30% over the same period (Feldman et al.
2002). For the results presented here, we simply averaged all
of the data. Over 60% of the data were obtained during the
nighttime portion of the orbit, and we focus on those because
they are nearly free of terrestrial airglow emissions.

C/2000 WM1 has an orbital period of roughly 85,000 yr and
was exceptionally bright at the time of its discovery in 2000
November near AU. C/WM1 was well placed forFUSEr ∼ 6
observations near the time of its closest approach to Earth in
early December of 2001, and we observed the comet for a total
of 21 orbits over several days. Almost 95% of the C/WM1
data were obtained at night, and we report here on those data
only. The comet’s activity was remarkably stable during the
FUSE observations: neither the continuum brightness, as de-
termined from the FES images taken every orbit, nor the
stronger ultraviolet emissions varied by more than a few per-
cent. Thus, we present only the average spectrum over the entire
observing period.

3. SPECTRA AND DISCUSSION

A small portion of the averageFUSE spectra in the wave-
length region covering the expected positions of the argon
and Ovi lines is displayed in Figure 1. There is no evidence
of argon emission in any of the three comets (Table 2), al-
though several other cometary features were detected. The
O vi line at 1031.93 A˚ , which should be∼2 times stronger
than the Ovi line at 1037.62 A˚ under optically thin conditions,



No. 1, 2002 WEAVER ET AL. L97

TABLE 2
Line Brightnesses

Comet

Argon O vi

B1048 B1066 B1032 B1038

C/T1 . . . . . . . . . �0.004� 0.011 0.021� 0.012 0.016� 0.011 �0.005� 0.011
C/A2 . . . . . . . . . 0.026� 0.013 0.041� 0.017 0.032� 0.014 0.019� 0.012
C/WM1 . . . . . . 0.006� 0.007 0.005� 0.008 0.030� 0.008 0.004� 0.007

Note.—The brightnesses (B) refer to average values in a aperture [in units of′′ ′′30 # 30
rayleighs; 1 Rp 106 photons cm s (4p sr) ].�2 �1 �1

TABLE 3
g-Factors and Production Rates

Comet
g1048

(# photons s )�8 �110
g1066

(# photons s )�8 �110

QAr

(# s )25 �110

QCO

(# s )26 �110

QH O2

(# s )28 �110
[CO/H2O]

(%)
[Ar/O]

(# )�410

C/T1 . . . . . . . . . 11 7.5 ≤22 64 5.0� 2.0 13 ≤42 � 10
C/A2 . . . . . . . . . 9.7 5.8 ≤5.2 13 20� 10 0.65 ≤2.4 � 1.2
C/WM1 . . . . . . 11 6.5 ≤2.5 3.2 8.0� 1.0 0.40 ≤2.8 � 0.3

Note.—The g-factors are per molecule at AU and include only resonant scattering of sunlight adjusted for the solar activity onr p 1
the date of the observations. The argon production rates (QAr) and argon-to-oxygen abundance ratios ([Ar/O]) are 5j upper limits. The
CO production rates (QCO) are taken from Feldman et al. 2002 and P. D. Feldman 2002, private communication, and may be uncertain by
as much as a factor of∼2. The H2O production rates (Q ) are discussed in the text; [Ar/O] (Grevesse & Sauval�4p (46� 8) # 10H O ,2

1998; Sofia & Meyer 2001a, 2001b).

was marginally detected in C/WM1 (Table 2) but not in
C/A2 or C/T1.

Our analysis of the Ovi emission assumes that the principal
excitation mechanism is charge exchange between Ovii solar
wind ions and cometary H2O molecules and that all of the
O vii ions undergo charge exchange at the small cometocen-
tric distances (≤15,000 km) primarily sampled by theFUSE
LWRS aperture. We used the results from Kharchenko &
Dalgarno (2001) for the quantum yield of Ovi emission at
1031.93 Å(∼0.3), the data from Schwadron & Cravens (2000)
for the O vii flux in the solar wind (∼ cm s at5 �2 �11.1# 10

AU), and scaled the intensities by to estimate the�2r p 1 r
brightness in Ovi l1031.93 Å for each comet. We predict
0.016, 0.023, and 0.026 R for comets C/T1, C/A2, and
C/WM1, respectively.Chandra observations of C/T1 (Kras-
nopolsky et al. 2002) during 2001 January 8–14 atr ∼
1.26 AU gave a brightness of 0.055 R for eV nearE 1 150
the nucleus. The Ovi emission at 1031.93 A˚ should be∼0.17
times this X-ray emission (V. Kharchenko 2002, private com-
munication), or∼0.009 R at that time. Scaling this result by

, we would expect∼0.007, 0.010, and 0.012 R of Ovi�2r
emission for theFUSE observations of C/T1, C/A2, and
C/WM1, respectively. These two different approaches for es-
timating the Ovi emission are in good agreement considering
the model and measurement uncertainties, and both are con-
sistent with ourFUSE results.

We used the 5j upper limit for the brightness (B) of the argon
line at 1048.22 A˚ (Table 2) and theg-factor for the line10 to
calculate the aperture-averaged column density (N) of argon us-
ing . We used a standard Haser model (Haser 1957),2B p gN/r
with an outflow velocity of km s and an argon lifetime�1�0.8/ r
of s (Huebner, Keady, & Lyon 1992), to find the6 21.5# 10 r
corresponding upper limit on the argon production rate (QAr).
For all theg-factors used in this Letter, we assume that resonant
scattering of the solar flux is the only excitation mechanism. We
used the high-resolution, disk-averaged solar spectrum from the

10 Under optically thin conditions, the argon line at 1048.22 A˚ is expected
to be 1.5–1.7 times brighter than the line at 1066.66 A˚ , depending on the
heliocentric radial velocity.

Solar Measurement of Emitted Radiation (SUMER) instrument
(Curdt et al. 2001) on theSolar and Heliospheric Observatory
(SOHO) spacecraft to determine the solar flux at the cometary
absorption wavelength (i.e., we accounted for ). Since theṙ
SUMER spectrum was obtained under solar minimum condi-
tions, we scaled the solar fluxes upward by a factor that depends
on the average solar activity index (Table 1) during the time of
the FUSE observations (Richards, Fennelly, & Torr 1994a,
1994b). For comets C/T1 and C/A2, the scale factor was 1.3,
and for C/WM1 the scale factor was 1.6.

The abundance ratio [Ar/O] is of particular interest because
of its relevance to the possible contribution of cometary impacts
to the volatile inventory of the terrestrial planets (Owen, Bar-
Nun, & Kleinfeld 1992; Owen & Bar-Nun 1993, 1995, 1996,
2001; Owen 2001). We calculate the [Ar/O] ratio by first es-
timating the [Ar/H2O] ratio and then make a correction for
other possible contributors to oxygen in the comet.

There are several independent estimates ofQ in C/T1 nearH O2

the time of theFUSE observations. Direct observations of a pure
rotational line of H2O by theSubmillimeter Wave Astronomical
Satellite (SWAS) yields Q s for the av-28 �1p (4 � 1) # 10H O2

erage of three observations (2001 February 3.9, 5.6, and 6.6)
during which time no temporal variability was detected (E. Ber-
gin 2001, private communication). Radio observations of HCN
give Q s averaged over the period25 �1p (4.8� 0.6)# 10HCN

from 2001 January 24 to February 7, which is consistent with
the SWAS result if the [HCN/H2O] ratio is the “typical” value
of ∼0.1% (N. Biver 2002, private communication). Measure-
ments of H i Lya emission by the Solar Wind ANisotropies
(SWAN) instrument on theSOHO spacecraft yielded estimates
for Q of s on 2001 February 3.343 and28 �1(7.6� 0.8)# 10H O2

s on 2001 February 4.401, where the28 �1(6.8� 0.7)# 10
quoted error includes an estimated systematic component of
∼10% (T. Makinen 2002, private communication). Taking into
account this spread of values, we conservatively adopt a value
for Q of s (Table 3). Given the high [CO/28 �1(5 � 2) # 10H O2

H2O] ratio observed in C/T1 (Biver et al. 2001; Mumma et al.
2001; Feldman et al. 2002) (see Table 3), and the possibility of
a significant contribution of oxygen from CO2, which could not
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be observed, we adoptedQ Q , which leads to the valuep 1.3O H O2

of [Ar/O] listed in Table 3.
As previously mentioned, we observed C/A2 shortly after a

major outburst in activity, and we list only the average values
for the brightnesses and production rates (Tables 2 and 3).
SWAS observed C/A2 on 2001 July 13.15, 13.22, and 13.94,
i.e., shortly after theFUSE observations, and the derived av-
erage value forQ is s (D. Bockele´e-28 �1(6 � 2) # 10H O2

Morvan 2002, private communication). We adopt a larger value
of s derived from theFUSE measurements29 �1(2 � 1) # 10
of several H2, H i, and Oi lines, all of which yield consistent
values forQ (H. A. Weaver et al. 2002, in preparation). TheH O2

observed [CO/H2O] ratio of ∼0.7% (Feldman et al. 2002) is
rather low, so we conservatively adoptedQ Q , as-p 1.1O H O2

suming that up to∼9% of O in the coma could be contributed
by unobserved CO2 (Feldman et al. 1997).

Several space- and ground-based campaigns were mounted
to observe C/WM1 during November and December of 2001.
HST observations of OH emission during UT 2001 December
8–11 demonstrated that the activity of the comet was remark-
ably stable, with no detectable temporal variations larger than
∼5%, and that the derived water production rate was (8.0�

s (H. A. Weaver et al. 2002, in preparation).28 �11.0)# 10
SWAN/SOHO observations of H Lya emission on UT 2001
December 6.769 and 11.609 yieldQ p (9.54� 0.07)#H O2

s and s , respectively (T. Mak-28 �1 28 �110 (9.37� 0.06)# 10
inen 2002, private communication). The light curve measured
with the FUSE FES, using a synthetic aperture of ,7�.5# 7�.5
was stable at the 2% level over the entire observing period,
and the water production rate derived from several H2, H i,
and Oi lines yieldedQ s . We adopt this28 �1p (8 � 1) # 10H O2

latter value for the entire period of theFUSE observations.
The [CO/H2O] ratio in C/WM1 was∼0.4% (Table 3), so we
adoptedQ Q , as we did for C/A2.p 1.1O H O2

The derived upper limits for [Ar/O] (Table 3) show strong
depletions, relative to the solar abundance, in comets C/A2 and
C/WM1. These depletions, together with the observed [CO/
H2O] ratios and laboratory data on the sublimation behavior

of ices (Notesco, Laufer, & Bar-Nun 1997), suggest a formation
temperature≥60 K for both of these cometary nuclei. The much
higher CO abundance for C/T1 and the upper limit on the [Ar/
O] ratio suggest that this comet’s nucleus formed at a tem-
perature between 40 and 50 K. Of course, these conclusions
on the formation temperatures rest on the assumption that the
laboratory experiments on ices accurately reflect the trapping
of gases in cometary nuclei, which may not be valid. What is
clear, however, is thatFUSE observations provide a sensitive
probe of argon in comets. Observations of future moderately
bright comets under favorable conditions will be especially
interesting for a comet with a high CO abundance, which pre-
sumably indicates a particularly cold formation environment.

Since the presence of line emission clearly distinguishes the
charge-exchange model from other potential mechanisms for
producing X-ray emissions in comets (Krasnopolsky 1997;
Lisse et al. 1999), and since the spectral resolving power of
FUSE is ∼100 times higher than for theExtreme Ultraviolet
Explorer and∼1000 times higher than forChandra, theFUSE
detection of Ovi line emission can potentially provide critical
evidence for or against the charge-exchange excitation model.
Unfortunately, the poor signal-to-noise ratio of the Ovi de-
tection in C/WM1 prevents definitive conclusions to be drawn
in this case, but future observations of brighter comets should
be more illuminating.
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