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ABSTRACT

Coordinated spectroscopic radio observations of comet C/1999 H1 (Lee) were undertaken
between May 4 and October 26, 1999, using the Swedish-ESO Submillimetre Telescope, the
James Clerk Maxwell Telescope, the Caltech Submillimeter Observatory, the 30-m telescope
of the Institut de Radio Astronomie Millimétrique, and the Nancay radio telescope.

We report on observations of OH, HCN, CH30H, H,CO, CS and on the evolution
of their production rates with heliocentric distance, between 0.8 and 1.7 AU, where the
total outgassing rate ranged between 0.2 and 1.6 x 102°molecules s~!. HNC was detected
unexpectedly in this medium activity comet with a relatively large HNC/HCN mixing
ratio of 12%, close to that measured in comet C/1995 O1 (Hale-Bopp), which cannot be
explained by current chemical models of the coma. CO was tentatively detected with a
low abundance around 4% relative to water and is clearly underabundant in comparison to
comets Hyakutake and Hale-Bopp. An upper limit of D/H < 300 x 1075 in water was found
from a brief search for HDO.

Molecular abundances relative to water of the other species around 1 AU are similar to
those observed in other comets, although CH3OH (4%) and H2CO (1%) exhibit some of the
largest abundances compared to previous comets.

Subject headings: comets: general — comets: individual (C/1999 H1 (Lee)) — radio emission
lines

1. Introduction

Comets are the repository of important information on the origin of our Solar System. Cometary
nuclei have been stored at cold temperatures for most of the past 4.6 billion years and progressively
release volatile species as they enter the inner Solar System. Radio observations enable the investigation
of many of these molecules and, in particular, allow the determination of relative abundances that can
yield information on the formation of cometary nuclei. C/1999 H1 (Lee), which has a highly inclined
orbit (149°) and an orbital period longer than 80000 years, belongs to the long-period comets, which
are thought to have formed in the vicinity of the giant planets before being expelled to the Oort cloud
in the outer Solar System. Discovered by Steven Lee (Lee & Garradd 1999) on April 16, 1999, comet
C/1999 H1 offered a good opportunity to study an intrinsically active comet, which total outgassing

nstitute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822, USA
20bservatoire de Paris-Meudon, 5, place J. Janssen, F-92195 Meudon, France

3Joint Astronomy Centre, 660 N. A’ohoku Place, Hilo, HI 96720, USA

4California Institute of Technology, MS 320-47, Pasadena, CA 91125, USA

5Swedish-ESO Submillimetre Telescope, ESO, Alonso de Cordova 3107, Vitacura, Santiago, Chile

6Johns Hopkins University, 3400 North Charles Street, Baltimore, MD 21218-2686, USA



rate exceeded 10%° molecules s~! at perihelion, on July 11 at 0.71 AU from the Sun. The first perigee

took place on May 5 at 0.72 AU from the Earth, and the second one on September 30 at 0.83 AU. Its
visual magnitude peaked at ~ 6.5 in June 1999 and it remained brighter than 8th magnitude during the
five month period (May—September) when we studied it at radio wavelengths. Since the extensive study
of comets C/1996 B2 (Hyakutake) and C/1995 O1 (Hale-Bopp), the apparition of C/1999 H1 (Lee)
represented the next available opportunity to undertake a comprehensive study of a comet, searching
for species like CO, CS and HNC that were poorly studied before. In contrast to the situation for
comets Hyakutake and Hale-Bopp, C/1999 H1 (Lee) immediately revealed from its first observations
at the Swedish-ESO Submillimetre Telescope (SEST) on May 5, that it was rich in methanol, making
it an especially interesting target. In addition, the HyO production rate has been measured directly
by the Submillimeter Wave Astronomical Satellite (SWAS) at 557 GHz (Neufeld et al. 2000), while S,
has been detected with the Hubble Space Telescope (Feldman et al. 1999). Infrared observations from
Mauna Kea yielded a secure detection of CO, as well as the detection of several molecules lacking dipole
moments (CoHg, CHy, CaHs) that cannot be studied at radio wavelengths (Mumma et al. 1999, Weaver
et al. 1999).

We present here the result of a 5-month monitoring of comet Lee at submillimeter to centimeter
wavelengths. The observations, presented in § 2, also provide information on the gas kinetic temperature
and the evolution of the expansion velocity between 0.9 and 1.7 AU from the Sun (§ 3). Production rates
and their evolution with heliocentric distance (ry) are presented in § 4-5 and molecular abundances and
their implications are discussed in § 6-8.

2. Observations

Comet Lee was first detected at radio wavelengths on May 4, 1999 with the SEST, and this
was followed by the detection of OH with the Nang¢ay radio telescope (NRT) on May 8. Subsequent
observations at the James Clerk Maxwell Telescope (JCMT), Caltech Submillimeter Observatory (CSO)
and Institut de Radio Astronomie Millimétrique (IRAM) 30-m telescope were scheduled on short notice
as target-of-opportunity programs. The 18-cmm OH lines in the comet were detected on a daily basis
at the NRT between May 8 and June 20, but could not be detected later and post-perihelion (July
01-Aug.15) (Section 6, Table 7).

The comet was observed in 3 sessions at the SEST in May—June 1999 (Table 1) when it was still at
southern declinations. The observations of May 24-25, and especially June 4, were inserted in short gaps
of the schedule and rely mainly on the absolute pointing of the antenna, which could have been in error
by up to 10”. Therefore the HoCO observations, which did not yield a detection, will not be considered
as the offset may have been as large as the half power beam width of the telescope (Table 2). In fact
the SEST 3 — o upper limit is less than 25% of the detection of the same line at IRAM for each of the 3
days, and HyCO was also detected at CSO during May 24-25. The June 4.0 observation of HCN(1-0) is
too noisy to yield a significant result and is ignored because we have better IRAM data from the same
day.

The JCMT observations of comet Lee began on May 19 and were spread over four sessions. We
also made an unsuccessful attempt to observe it in late October 1999, under poor weather conditions.
Pre-perihelion observations were obtained during early evening hours or in the afternoon (June 6-9)
when atmospheric instability and primary dish distortion have affected the calibration, by broadening
the beam and decreasing its efficiency as well as increasing the pointing uncertainty. The loss in
efficiency was determined by regular observations of the same lines in the calibration source IRC+10216
(or OMC-1 for methanol lines) and a correction (+10% to +40%) was applied to the integrated line
intensities. A mis-alignment problem of the 230 GHz (A3) receiver in early October resulted in a
systematic 25% loss in efficiency, that was precisely measured on Mars and in other line calibration
sources. After these corrections, the overall calibration uncertainty of all JCMT observation is estimated
to be less than 10%.
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CSO observations were limited to early evenings in late May and June, plus three nights in
September, after perihelion on July 16. Although the June observations were made under relatively good
weather conditions, the comet was very low (elevation of 23° to 15°, and even 7° on the 28th) and the
beam efficiency, which is poorly known at such low elevations, may have been significantly overestimated.
The other observations (May and September) should have a reliable calibration. Observations at IRAM
were undertaken at the same time as some observations on Mauna Kea (June 4-7, in parallel with
JCMT, and September 7-10, in parallel with CSO).

Observations at SEST were done in beam-switching mode, with a symmetric throw of 12, using
two heterodyne receivers simultaneously at 3 mm and 1.3 mm (e.g. to observe HCN(1-0) and CO(2-1))
or 3 mm and 2 mm (HCN(1-0) and CH30H at 145 GHz). Either the 210-280 GHz or the 280-370 GHz
facility receiver was used at CSO, in beam-switching mode, with a 2’ throw; the 492 GHz receiver was
used to search for the HDO 1¢; — Ogg line on May 27, UT. IRAM observations were also conducted in
beam-switching mode with the simultaneous use of 3 (at 3 mm, 2 mm and 1.3 mm) or 4 (2 at 3 mm
and 2 at 1.3 mm) receivers. Except for some observations of CH3OH lines at 242 and 338 GHz, most
JCMT observations were conducted in frequency switching mode. We either used the A3 heterodyne
receiver (220-275 GHz) or the B3 receiver (320-375 GHz, equipped with 2 mixers looking at different
polarizations), according to their availability. The total frequency throw used was most of the time close
to 16.2 MHz, and switching was done every 30 s in “slow” frequency switching mode or every 2 s in
“fast” frequency switching mode with the A3 receiver only. Baseline quality was relatively good in both
cases, the main problem being the avoidance of O3, CO, or HCN atmospheric lines.

The list of observations is given in Table 1 and the frequencies of all the observed lines are given in
Table 2, together with the beam sizes of the telescopes with which they were observed. Line intensities
are given in the main beam temperature scale, using the beam efficiencies given in Table 3. An extensive
atlas of the spectra of HCN, CS, H,CO, CH30H is shown in Figs 1-2, and the single detections of CO
and HNC are in Figs 3-4.

Comet C/1999 H1 (Lee) was observed at Nancay with the same technique previously used for other
comets (Colom et al. 1999, Gérard 1990, Bockelée-Morvan et al. 1990), but the daily tracking time
around transit was reduced to 40 min due to current work on the upgrade of the telescope. The comet
was observed (and detected) daily from May 8 to June 20, but observations during July 1 — Aug. 15
did not yield a detection (Table 7), due, in particular, to unfavorable molecular excitation conditions.
Sample spectra are given in Fig. 5.

2.1. Ephemerides

The latest available orbital elements, either from the Jet Propulsion Laboratory (JPL/SSD
ephemerides, Chamberlin et al.), or the MPCs issued by the Central Bureau of Astronomical Telegrams
(Minor Planet Circulars) were used for the observations. Accurate tracking of the comet requires
continuous updates of its position, based either on ephemerides computed in real time at IRAM, or
interpolated from user-supplied ephemerides. This was not possible with the new version of the telescope
control system at CSO in September, and the telescope had to be aimed at a new position every
scan, which resulted in a drift of the comet through the beam by 8-10" for each 2.6 to 3.5 min single
integration. Ephemeris errors have been computed from the comparison to the orbit based on more
recent elements (JPL-DEA406 solutions 32 and 37 from January 2000). These errors are given in Table 4,
together with the total offset used for the computation of production rates. Systematic pointing errors,
if any, are included, and an estimate of the rms pointing error (on the order of 1 to 3") was added
quadratically to the systematic (pointing + ephemeris) offset.
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3. Data Analysis

A wealth of information can be retrieved from the analysis of the observed molecular lines. The
relative intensities of the different lines from the same species can be used to derive information on
the gas temperature. The shape of the lines reflects the outgassing pattern, and their widths are used
to measure the gas expansion velocity. Then we use an excitation and radiative transfer model, as
described in Biver et al. (1999b), to derive production rates (@) from the line integrated intensities.
The excitation model of the rotational levels takes into account collisions with water molecules at the
local kinetic temperature (T), collisions with electrons (Biver et al. 1999b), and radiative pumping
through vibrational or electronic bands. The collision cross-sections (o.) are poorly known (in the
range 1 — 5x107!* c¢m?) and assumed values are those given in Biver et al. (1999b) with more details
on the excitation models in the references therein. Molecular parameters for HDO are those given
in Bockelée-Morvan et al. (1998), including a collision cross section 0. = 5 x 107* ¢m?2. The local
density of the water molecules is computed with a Haser model, taking the water production rate
Qu,0 ~ 1.1 X Qon from Table 7 or ~ 900 X Qucn when no Qu,o or Qou are available. The electron
density is scaled according to the water outgassing rate.

The density of the molecules in the atmosphere of the comet versus distance to the nucleus
is described by the Haser model (n(r) = 4mzpr2 exp(;eif )), assuming steady-state radial outflow
at the measured expansion velocity (vexp) and a photodissociation rate given by § = ﬂor,f. The
photodissociation rates By at 1 AU are the same as in Biver et al. (1999b) (Bgco = 0.065, Bocs = 1.0,
Bocuson = 1.3, fBor,co = 20 and Bom,s = 25 in units of 1075 s71), except for HCN (and for HNC,
assumed to be the same), which is more sensitive to solar activity (Bockelée-Morvan & Crovisier 1985),
and which was estimated to be around Boacn = 2.0 x 1072 571 at the time of these observations. For

HDO, we assumed a photodissociation rate Soppo = 1.3 x 107® s=! (Crovisier 1994).

In the case of HNC, the spectroscopic parameters are poorly known due to the instability of the
molecule in the laboratory. Here we simply assume that HNC behaves similarly to HCN, with the same
photodissociation rate, a dipole moment of 3.05 debyes and infrared pumping through the 14 vibrational
band (v = 3652 cm~!, Einstein coefficient A; = 177 s~!, implying a total excitation rate at 1 AU from
the Sun g; = 6.5 x 10~* s7!) and the v, band (v = 464 cm™', A, = 3.2 57!, g = 3.7 x 107 s71) (Nezu
et al. 1998).

The radiative transfer is solved numerically, assuming that the local width of the lines is due to
thermal broadening at the kinetic temperature T of the gas. This temperature is assumed to be constant
throughout the coma. The observed intensity is thus the result of the convolution of the antenna beam
pattern with the density profile and rotational population. Radiative decay and pumping by solar
radiation dominate in the outer coma and, unless the collision rate is very high, the observed distribution
of the line intensities of a given species can significantly differ from the distribution expected from
thermal equilibrium at 7.

3.1. Expansion velocity

The gas expansion velocity has been estimated from the half-width at half-maximum intensity
(HWHM) of the line profiles (plotted in Fig. 6). This half-width has been measured on the blueshifted
side of the lines, which corresponds to molecules expanding roughly sunward (the phase angle remained
between 19° and 57° throughout the observing period). The observed line profiles present little spectral
asymmetry, which justifies the use of an isotropic model in the computation of production rates. Indeed,
the largest (negative) significant velocity offsets observed, although indicative of more outgassing
towards the Sun, are —0.12 & 0.02 km s~! (HCN(3-2), June 4-10), —0.14 + 0.04 km s~! (HCN(4-3),
Aug. 22-23) and —0.23 £ 0.03 km s~! (CH3O0H lines at 304 and 307 GHz on Sep. 11). This latter value
is not so confident due to some uncertainty on the frequency scale.
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A power law fit yields HWHM = 0.861 + 0.019 r; %40%%-% km g=1 for HCN, CH30H and H,CO
lines. Separate fits to pre- and post-perihelion data do not show very significant differences. Modeling
of the line shapes shows that thermal broadening accounts for at most 10% of the line width, as was
previously suggested by Hu, Larson & Hsieh (1991). Accordingly, we will use an expansion velocity
law of vexp = 0.8 r;0‘4 km s™!, very similar to that measured in other comets of similar activity (e.g.
Hyakutake, Biver et al. 1999b).

3.2. Temperature of the coma and collision rates

The simultaneous observation of several transitions of a given molecular species enables the
measurement of a rotational temperature, as explained in Bockelée-Morvan et al. (1994b) in the case
of methanol. This species has been observed through several transitions in the same receiver band,
which minimizes the effect of calibration uncertainties on the line intensity ratios (Fig. 2). Table 5
gives the rotational temperatures measured from 3 to 8 methanol lines observed simultaneously at
145, 242, 338, and 157 GHz, and from the 2, A~—2¢9A* and 4, A~ —47 A" lines observed at CSO in the
lower (304.2 GHz) and upper (307.2 GHz) sidebands of the 345 GHz receiver, respectively. Rotational
temperatures from quasi-simultaneous observations of different HCN lines were also derived (Table 5),
but these measurements are more sensitive to differences in calibration, pointing, beam sizes (Table 2,
avoided in the case of the J(3-2) line at CSO and J(1-0) line at IRAM on September 10) and time
variability.

The local rotational temperature describing the relative population of a series of rotational energy
levels of a given species in the coma of the comet evolves from the kinetic temperature close to the
nucleus in the collision-dominated region to some line-dependent “fluorescence temperature” in the outer,
radiation-dominated coma. For both CH3OH and HCN, in the present case, this radiative equilibrium
leads to very low rotational temperatures (10 to 15 K), except for the 157 GHz and 304/307 GHz
methanol lines. These latter cases are transitions from energy levels that maintain the same population
ratios far from the collision region (like the 165 GHz CH3OH lines in Bockelée-Morvan et al. (1994b)).
Thus, the rotational temperature based on these two bands is close to the kinetic temperature of the
inner coma and does not depend much on the collision rate.

The CH3OH bands at 145, 242 and 338 GHz, on the other hand, as well as the HCN lines, provide
rotational temperatures that depend mostly on the collision rate (which determines the fraction of
molecules in the beam thermalized at the relatively high kinetic temperature) and very little on the
kinetic temperature. This is illustrated in Table 5, which gives measured rotational temperatures and
the values predicted from three different models with different collision regimes:

e including collisions with electrons (z,. = 1.0, multiplying factor of the electron density applied to
the default model (Biver et al. 1999b));

e identical, but with electron density divided by 2 (z,e = 0.5);

e neglecting collisions with electrons(z,e = 0.0).

To model the electron density and temperature radial distribution, we used the in situ constraints
obtained on comet 1P/Halley (see e.g. Flammer 1991, Cravens 1991 and Xie & Mumma 1992) and
scaled it to the water production rate of comet Lee. In summary, in the inner coma, inside the contact
surface (Rcs = 900-3 000 km for Qu,0 = 3-15 x 10?® molecules s~1), the electron density decreases as
QIIH/2 20 /7, where 7 is the cometocentric distance, and the electrons are thermalized to the gas temperature
(Te = T). Then, the electron temperature rises to about 10000 K at r = 2 R¢g, while the electron
density also sharply increases, mostly because of the decrease of the recombination rate with ions:
this results in a “pile-up” region (Eberhardt & Krankowsky 1995). Further away, beyond r = Ryec
(Rrec = 3500-7700 km for the same range of gas production rates), the hot electrons density follows
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a free outflow law o< Qu,0/r*>. The electron density is further parameterized by a multiplying factor
Zne, Which allows us to investigate higher or lower electron densities with respect to the default model
ZTne = 1 fitting the Halley data.

We use the same total cross sections for collisions with neutrals as the ones given in Biver et al.
(1999Db), although their values are poorly known. The molecule—electron collisional cross sections are
computed for each transition with the formula of Itikawa (1972), which uses the Born approximation.
They significantly depend on the electron temperature, but inside the contact surface (T' = T,), they
are about two orders of magnitude larger than the assumed neutral-neutral collision cross-sections.
Farther from the nucleus, where T, ~ 10000 K, the neutral-electron cross section are decreased by more
than one order of magnitude but the electron collisional rates are still one order of magnitude larger
than the the neutral collision rates, mainly because of the large speed of the electrons. Hence, when
collisions with electrons are included, this latter process dominates the collisions with neutrals, and the
uncertainties on the neutral-neutral cross sections are no longer a concern.

As shown in Table 5, physically acceptable electron densities (z,. = 1.0) lead to a relatively good
agreement between modeled and observed rotational temperatures. Similar values for the rotational
temperature can only be reached when assuming much larger neutral-neutral total cross section. The
September observations (Table 5) can be fitted with neutral collisions alone (x,. = 0) with total cross
sections ogcn = 1.5 x 10712 cm? and ocnzon = 1.0 x 10712 cm?. These are one to two orders of
magnitude larger than generally accepted (Biver et al. 1999b, Crovisier 1987, Bockelée—Morvan et al.
1994b).

Thanks to observations of several lines of CH3OH and HCN in comet Lee, we are thus able to
constrain nearly independently the collision rates and the temperature of its coma. However, we have only
three reliable estimates of the kinetic temperature. Indeed, as explained above, rotational temperatures
derived from lines other than the CH;OH 157 GHz and 304/307 GHz lines are intermediate between
the kinetic temperature and cold fluorescence temperature. For further modeling and production rate
determinations, assumptions on the heliocentric variation of the kinetic temperature are thus required.
As comet Lee displayed a similar outgassing rate as comet Hyakutake in 1996, we have assumed the
r;1'5 variation found to fit the Hyakutake radio data (Biver et al. 1999b) over a range of heliocentric
distances similar to that covered by the present comet Lee observations. Fitting to the temperature
constraints given in Table 5 (column 7), we find T = 80 r,, "® K pre-perihelion and T = 50 r; '® K
post-perihelion. For simplicity, we have rounded to the nearest 5 K (as given in Table 5) the values
used in the computation of the production rates. The lower post-perihelion temperature may not be
surprising: this was also observed in the case of comet Hyakutake and might be due to the lower water
production rate post-perihelion (see Section 8), which results in a lower photolytic heating of the coma.

Next, it is possible to constrain the collision rate (i.e., Z,¢), which better fits all observed rotational
temperatures (Table 5). In most cases, and for all HCN observations, including some collisions with
electrons is required to fit the data. The HCN lines alone would favor the second model z,. = 0.5, while
the methanol observations require larger collision rates, with z,. > 1.0. This HCN-CH3OH discrepancy
is not very large and may be related to the poor reliability of the HCN rotational temperatures. Indeed,
the best couple of HCN observations, those made on Sept. 10 with similar beam sizes (Table 5), provides
better agreement with CH3OH. We will adopt the default (x,. = 1) electron density model. Adopting a
slightly different value would result in marginal differences in the derived production rates. The influence
of the temperature on the production rates is discussed in § 5.

4. OH observations and production rates

The comet was observed with the Nancay radio telescope almost every day from May 8 to July 9,
July 20 to 25 and August 5 to 15. As stated above, comet Lee could not be detected after June 20. This
non-detection could be attributed to the combined effects of smaller inversions of the OH maser, larger
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geocentric distances, and to smaller post-perihelion activity.

The observations were made using the same instrumentation and protocol as the previous cometary
observations at Nangay (Bockelée—-Morvan et al. 1990, Bockelée-Morvan et al. 1994a). The reduction
and conversion of the observed signals into OH production rates were made using the same model as
before, which takes into account the quenching of the cometary OH maser by collisions. Modeling of
the quenching has been improved recently on the basis of the observations of comets Hyakutake and
Hale-Bopp (Gérard et al. 1998, Colom et al. 1999), but this improvement is of little consequence for the
moderately active comet Lee.

The spectra were averaged over periods of 5 days or more to increase the signal-to-noise ratio. The
spectra corresponding to detections are shown in Figure 5. The parameters of the averaged spectra and
the corresponding production rates are listed in Table 7.

As explained in Bockelée-Morvan et al. (1990), the OH-parent expansion velocity vex, can be
retrieved from the OH line shapes. If one fits a trapezium to the line profile, the half width of the
trapezium base (listed in Table 7) is the sum of vexp and Veject, the mean ejection velocity of the
OH radical following its parent’s photodissociation. Assuming veject = 1.05 km s~! from models of
water photolysis, we can readily estimate vexp. However, the limited signal-to-noise ratio of the OH
spectra does not allow us to investigate the variation of vexp as a function of 75, as was done from the
millimeter lines (Fig. 6). From an average of the OH data over the whole period where the 18-cm lines
were detected (spanning 7, = 0.83 to 1.39 AU), we obtain < vexp >= 0.95 £ 0.04 km s~!. This is to
be compared with < vexp >= 0.82 £ 0.10 km s~! from a similar average of the millimeter lines. The
larger < vexp > from the OH data may be attributed to the larger beam size of the Nancay telescope,
compared to the millimeter telescopes. Hydrodynamical models of cometary atmospheres predict that,
as a result of photolytic heating, the parent molecules are accelerated as they expand from the nucleus.
The assumed H,O and OH lifetimes at 1 AU are respectively 8.2 x 10* and 1.1 x 10® s (Crovisier 1989)
and the HoO — OH branching ratio is 90%, implying Qu,o0 = 1.1 x Qomn-

OH production rates and upper limits are given in Table 7 and plotted in Figure 7, together with
a power law fit to the pre-perihelion data. Post-perihelion observations yield only upper limits, which
should be used cautiously as the value of the maser inversion is very uncertain: while the model by
Schleicher & A’Hearn (1988) yields similar values (within 15%) as Despois et al. (1981) (Table 7) for
pre-perihelion observations, for the August observation the difference implies an upper limit 4 times
higher when using the inversion from Schleicher & A’Hearn (1988).

5. Production rates

All production rates have been computed according to the models previously described, assuming
symmetrical outgassing at all times with a Haser density distribution, and taking into account the
pointing offsets given in Table 4. We also assumed a constant radial expansion velocity and temperature
throughout the atmosphere of the comet. The complete excitation model, including collisions with
electrons, has been used as previously defined. Carbonyl sulphide (CS) and formaldehyde (HoCO) are
assumed to come from a distributed source with a parent equivalent scale-length L, = vegyp 77 Top: for
CS, Top is taken to 340 s, corresponding to the CS, lifetime (Huebner, Keady & Lyon 1992); for H,CO,
Top is taken to = 8000 s (= 1.6x H,CO lifetime, following Biver et al. 1999b). Production rates and
some significant upper limits are given in Table 6.

The uncertainty in the expansion velocity and its influence on production rates is less than 10%,
but the kinetic temperature and collision rates are much less constrained and may have larger impacts
on the derived production rates. In the following list, we detail the influence of varying the kinetic
temperature (by ~ 30%) and the collision rate (taking into account, or not, collisions with electrons).

e CH3OH: Neglecting collisions with electrons would reduce all productions rates by 12 to 17%,
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except those based on the “thermometer” 304/307 and 157 GHz (and 351 GHz — upper limit) lines,
for which the effect is exactly opposite. As a result, this would increase the discrepancy in the
production rates based on these two kinds of lines by a factor 2 to 4 when nearly contemporaneous
observations exist. For most observations, a +30% (respectively —30%) change in T results in

a +(10 — 20)% (respectively —(10 — 20)%) change in production rate (12% on average), but the
inverse trend is observed for lines connecting high energy levels, namely the 338 GHz lines and the
241 GHz lines on Oct 1.

e CS: The CS(5-4) line is not very sensitive to the excitation conditions since modifying the collision
rates or temperature as previously suggested would not change the production rates by more than
10% (5% on average). Post-perihelion data and especially the CS(7-6) observation (about 2.5
times more sensitive) show opposite behavior to the pre-perihelion ones: increase of QQcs when
decreasing the temperature or collision rate. It is interesting to note that HST observations on
June 7 UT and August 22 UT (Feldman et al. 1999) yielded CS» production rates of ~ 1 x 1026
and ~ 0.6 x 1026 molecules s—!, respectively, when using the same CS, lifetime that we adopted in
analyzing the radio observations. Thus, the HST and radio production rates agree to within 30%.

e H>CO: Production rates derived from the 515 — 414 line and, to a lesser extent, the September
upper limit derived from the 315 —21; line, are almost insensitive (by less than 5%) to a 30% change
in the model kinetic temperature. Increasing T' by 30% would increase the June 4 production rate
based on the 312 —2;; line by 20% (and vice versa). Removing collisions with electrons would make
less consistent the production rates or upper limits based on the 515 — 414 and 315 — 217 lines: the
corresponding Qu,co are increased and decreased by about 15%, respectively. Another important
parameter is the parent scale-length: if we assume instead that H,CO is a parent molecule coming
directly from the nucleus, then the production rates (and abundances) have to be decreased by
~ 45% (by up to 64% for the September upper limit);

e HCN (and HNC): Between ~0.7 and ~1.2 AU from the Sun, the J(3-2) line is the best one for
production rate determinations as it shows little sensitivity to the excitation parameters such
as the temperature and collision rate. Outside this heliocentric range, inferred production rates
are very sensitive to the assumed collision rate z,., especially as we assumed a low o, = 10~
cm? neutral-neutral collision cross section: neglecting collisions with electrons enhances by a
factor of 2 the production rates based on the HCN(4-3) and HCN(3-2) lines, while decreases by
a factor of 2 those based on HCN(1-0). When collisions with electrons are not considered, the
production rates derived from the (1-0)/(3-2) lines observed on May 25, differ by 100, while a 20
agreement is obtained when considering collisions with electrons. The discrepancy reaches 150 for
the (1-0)/(3-2) couple of lines observed on Sept. 10, in contrast to the perfect agreement obtained
when including collisions with electrons. Clearly, collisions with electrons are a determining
excitation process for HCN. As regards to the influence of the kinetic temperature, a change by
30% does not influence any HCN production rate determination by much more than 5%.

e CO: We obtained only one tentative detection of CO at radio wavelengths in this comet (Fig. 3).
The production rate derived from this J(3-2) line is, fortunately, not very sensitive to the adopted
kinetic temperature, and not at all to the collision rate (Biver et al. 1999b): increasing T' by 30%
would increase the production rate by 8%. The CO(2-1) line intensity is about twice as sensitive
to the temperature, but its observations lead to higher upper limits on relative abundances.

In summary, the acceptable uncertainties on the model parameters are not likely to produce changes in
the production rates by more than 20%, thanks to the constraints provided by simultaneous observations
of several lines of the same species. The evolution of the production rates and upper limits for the eight
species (OH, HCN, CH30H, H,CO, CS, CO, HNC and H,S) versus date and heliocentric distance is
shown in Figure 7. Power law fits to some of the data are also drawn in this figure and reported in
Table 6.
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5.1. Mean abundances

Table 8 gives the average abundances of the various species studied here, relative to HCN (average
of pre- and post-perihelion data) and to H,O. The water outgassing rate has been computed from
OH (Table 7). The most consistent abundances were obtained using the fitted production rate, i.e.
Qu,0 = 10.0 x 10?872 molecules s—* pre-perihelion. For determining the CO abundance relative to
water from the August 24 tentative detection, we assumed Qu,0 = 6.5 X 10?® molecules s~!. This value
gives HCN and CH3OH abundances relative to water in August equal to the pre-perihelion values.

Water has been also detected by other means. From HST observations, Feldman et al. (1999) derive
Qu,0 ~ 1.5 x 10?° molecules s~! on June 7 UT (the wings of the OH spatial profile give 1.2 x 102°
molecules s~!, while the core gives 1.8 x 102° molecules s~!), and Qu,0 = 0.7 x 102° molecules s~* on
August 22 UT. From observations of the 119-1¢; line at 557 GHz performed by the SWAS spacecraft,
Qu,o has been estimated to 102° molecules s~! around May 21 (Neufeld et al. 2000). The HST value
for August 22 is in agreement with the assumption we made for deriving the CO relative abundance.
On the other hand, HST and SWAS H»>O production rate determinations in May-June are about 50%
higher than the value derived from Nangay data, using the power law fit (Table 7). Adopting the SWAS
or the HST June water production rate would reduce the abundances relative to water given in Table 8
by 33%. On the other hand, infrared observation of the 1;; — 1;9 H2O line of the v3-v5 band on Sep.
2-4, post-perihelion (Weaver et al. 1999), yields a rather low production rate of 2 x 10?8 molecules s~1.
Using this value and the HCN observation of Sept. 7, we derive a HCN/H,0O ratio about 80% higher
than that given in Table 6. Nevertheless, the abundances are within the range found in other comets
(Bockelée-Morvan 1997), but with definite differences with those found in comets Hyakutake (Biver et
al. 1999b) and Hale-Bopp (Biver et al. 1999a, Bockelée-Morvan et al. 2000):

e Comet Lee is rather depleted in CO. The CO/H,0 mixing ratio is ~ 4%, in agreement with
infrared data obtained in September (Weaver et al. 1999). CO was also securely confirmed in the
infrared when detected on August 20 with the NIRSPEC spectrometer on the Keck telescope by
Mumma et al. (1999), yielding a very similar production rate. Its abundance is 5 times less than
the values measured in comets Hyakutake and Hale-Bopp near 1 AU from the Sun.

e Comet C/1999 H1 (Lee) belongs to the “methanol rich” comets (Bockelée-Morvan et al. 1995,
Mumma et al. 1993), with a methanol abundance of ~ 4% relative to water, about twice that
found in comets Hyakutake and Hale-Bopp. The CH;OH/HCN ratio is 3-4 times larger.

e Formaldehyde is also relatively abundant in comet Lee, but its average abundance relative to
water of 1.3% is within a factor of 2 the values measured in Hyakutake and Hale-Bopp; the H,CO/
CH30H ratio is 25% in comet Lee instead of 50% in comets Hyakutake and Hale-Bopp. On the
other hand, we observe a net tendency for the HoCO/H20 ratio to be lower post-perihelion (0.8%
at 1.12 AU; < 0.3% at 1.3 AU). The CS to HCN abundance ratio (0.8) is similar to that found in
other comets. The HNC/HCN ratio, although similar to that measured in comet Hale-Bopp, was
unexpected and will be discussed in the next section.

Upper limits obtained on HyS and OCS abundances are not very significant as they are comparable,
or much higher in the case of OCS, to the highest abundances measured in other comets.

6. Detection of HNC and its implications

The HNC(3-2) line at 271981.142 MHz was detected on two consecutive days at JCMT, June
6.1 and 7.1 UT, with a combined signal-to-noise ratio of ~ 8. The spectrum in Fig. 4 shows the line
and its two “ghost” counterparts at £17.9 km s~!, after removal, by Gaussian fitting, of the 0.5 K O3
atmospheric line at 271926.368 MHz. This frequency switched spectrum was mainly contaminated by
the shoulder of the O line ghost counterpart appearing at +7.7 km s~ relative to the comet velocity.
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For this reason, there may be some uncertainty in the cometary line intensity due to baseline removal,
but, since both its “ghost” counterparts are visible in the folded spectra, the detection is secure.

The HNC observations were bracketed with observations of the HCN(3-2) line on June 6.03, 7.00
and 7.16. Frequent calibration checks were made on IRC+10216 in both HNC and HCN J(3-2) lines to
reduce the uncertainty in the HNC/HCN ratio. The uncertainty due to calibration and baseline errors
is estimated to be below 30%. Using a line area of 517 & 27 mK km s~! for the June 6+7 HCN(3-2)
observations, the HNC/HCN line intensity ratio is 13.9 + 1.7%. When taking into account slight
differences in beam size and spectroscopic parameters (Section 3), this translates into a HNC/HCN
production rate ratio of 12 +2 %, almost independent of the assumed excitation model parameters. The
HNC(1-0) line was also searched for at IRAM at the same time, between observations of HCN(1-0), but
the derived 3 — ¢ upper limit on the HNC/HCN ratio is 17%.

The HNC/HCN ratio observed in comet Lee at 0.99 AU from the Sun is similar to the value of
14% measured in the active comet Hale-Bopp at ~1 AU from the Sun (Biver et al. 1999a, Irvine et
al. 1999), and also comparable to the value of 6% found in comet Hyakutake at 1.2-1.1 AU (Irvine et
al. 1996). Such a high ratio was quite unexpected. Indeed, from the steep heliocentric increase of the
HNC/HCN ratio with decreasing r, observed in comet Hale-Bopp, it has been proposed, on the basis
of chemical models, that HNC is a by-product of coma chemistry transforming some HCN into HNC
(Rodgers & Charnley 1998, Irvine et al. 1999). These models, which predict increasing HNC/HCN
ratios with increasing water production rates, are not able to reproduce the HNC/HCN ratio observed
in the moderately active comet Hyakutake, a fortiori the high ratio measured in comet Lee. According
to Rodgers & Charnley (1998), the relatively high abundance of methanol in comet Lee would further
hinder HNC production in this comet. We thus have to consider the hypothesis that HNC is either a
photodissociation product, or a parent molecule. In the latter case, HNC could be of interstellar origin,
i.e. synthesized in the proto-solar cloud and not altered in the solar nebula before its incorporation in
comets. Unfortunately, the single observation of comet Lee cannot rule out any hypothesis: the HNC
line shape is very similar to that of HCN, within error bars: it has a similar blueshift (—0.23 £+ 0.09
km st for HNC(3-2), —0.16 £ 0.04 km s~ ! for HCN(3-2)) and is only marginally broader.

7. D/H ratio in water

The 3 — o upper limit on the intensity of the HDO 11 — 0gg line at 464.924 GHz obtained on May
27.2 UT translates into Qupo < 5.6 x 1026 molecules s—1. The Nancay data yield an OH production rate
of 8.5+ 1.7 x 1028 molecules s~ for May 27.7 UT, corresponding to Qu,0 = 9.4 x 10?® molecules s~1, in
agreement with the SWAS determination of Qm,0 = 10.0 x 10?8 molecules s~! a few days earlier (Neufeld
et al. 2000). Therefore, the 3 — o upper limit obtained on the HDO/H,O abundance ratio is 0.6 + 0.1%,
i.e. D/H < 30 x 10~*. This is ten times higher that the D/H values measured in water in comets
P/Halley, Hyakutake and Hale-Bopp (Balsiger et al. 1995, Eberhardt et al. 1995, Bockelée—Morvan et
al. 1998, Meier et al. 1998), and also significantly higher than the D/H ratio of 4 — 15 x 10~* measured
in interstellar ices (Teixera et al. 1999). Therefore, this upper limit does not produce further constraints
on the isotopic exchanges which occurred in the solar nebula (Drouart et al. 1999).

8. Discussion

Following the first ever comprehensive monitorings performed on comets Hale-Bopp and Hyakutake
at radio wavelengths (Biver et al. 1997, Biver et al. 1999a, Biver et al. 1999b), comet Lee was the next
available opportunity to follow cometary activity over more than four months, extending both before
and after perihelion. Although comet Lee did not come as close to the Earth and to the Sun as did
comet Hyakutake in 1996, a comparison of the two comets is warranted, since they displayed similar
activity levels (the water outgassing rate was only 2-3 times lower for comet Lee) and may have a similar
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origin (orbital inclination 149° and period of ~ 81 000 years for Lee versus 125° and period of =~ 32000
years for Hyakutake).

While we did not obtain detailed information on the evolution of the coma temperature, we were
able to obtain precise information on the evolution of the expansion velocity of the gas in the atmosphere
of the comet over a factor of more than 2 in heliocentric distance. In addition, the geocentric distance
did not vary by more than a factor of 2 (0.72 to 1.52 AU), which limits the influence of the field of view
selection effect that may have affected observations of comet Hyakutake in 1996. The general slope of
Vexp versus rp (—0.41 & 0.09, Fig 6) is not as steep as that found for comet Hyakutake pre-perihelion,
but is similar to comet Hyakutake’s post-perihelion behavior. A r;0'4 behavior has also been observed
for Hale-Bopp, both pre- and post-perihelion (Biver et al. 1999a). The mean expansion velocity of 0.8
km s~! at 1 AU is about the same as for Hyakutake.

The production rates of OH, HCN and CH3OH exhibit an evolution following closely the solar
illumination factor r,;z (Table 6 and 7) pre-perihelion. A steeper evolution o r;3 is observed
post-perihelion, resulting in production rates lower, by about 30%, than pre-perihelion at similar (1.2-1.3
AU) heliocentric distances: this rapid decrease of activity with time is similar to that observed for comet
Hyakutake and may be due to a short-term aging effect. Cometary nuclei with large obliquity experience
fast and pronounced seasonal changes around perihelion. Although we do not know anything about
comet Lee’s nucleus, we cannot rule out a seasonal effect that would explain an asymmetric activity
with respect to perihelion.

9. Summary

Comet C/1999 H1 (Lee) provided us with a new opportunity to follow the behavior of a comet
over a wide range of heliocentric distances, complementing other monitorings at radio wavelengths
(1P/Halley, Crovisier & Schloerb 1991; C/1995 O1 (Hale-Bopp), Biver et al. 1997, Womack, Festou &
Stern 1997, Biver et al. 1999a; C/1996 B2 (Hyakutake), Biver et al. 1999b).

1. The expansion velocity has been measured to increase as 0.8 r;o"i km s~! from 1.7 to 0.8 AU.

2. A rapid “canonical” increase of the OH, HCN, CH3O0H production rates o r;2 was observed from
1.4 to 0.8 AU inbound. A faster decrease o r,:3 was observed post-perihelion. In other words, a
pre- to post-perihelion asymmetry is observed with lower production rates outbound.

3. HNC has been detected for the third time in a comet, with an HNC/HCN ratio of 12%. This
unexpectedly high ratio cannot be explained by the coma chemical models developed to interpret
the HNC/HCN ratios measured in comet Hale-Bopp. This raises again the question of the origin
of HNC in comets.

4. Comet Lee is rather depleted in CO, while it is rather abundant in CH3OH. The CO/CH3OH ratio
of ~1 in comet Lee magnifies clear differences in molecular abundances with comets Hyakutake
and Hale-Bopp, for which this ratio is 14 and 10, respectively, while all these three comets are
thought to have a similar origin.

5. On the other hand, the large abundance of HyCO close to the Sun is a common characteristic
of the three comets. Even if we assume that HoCO is not released by an extended source, its
abundance relative to water in comet Lee is only reduced from ~ 1 % to ~ 0.5 %. The H,CO
abundance shows significant temporal variability.

These results demonstrate the need for further measurements of the relative abundances of HNC, CO,
and CH30H in comets to address the question of their origin and evolution.
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Fig. 1.— HCN lines observed at SEST, JCMT, IRAM and CSO in comet C/1999 H1 (Lee), CS lines
observed at IRAM and JCMT (see Fig. 2 for CS(5-4) line in CSO spectra) and formaldehyde lines at
CSO, JCMT and IRAM. Telescope, mean observation date and heliocentric distance (rj, in AU) are given
for each spectrum. The spectral resolution has been smoothed for some noisy spectra. The intensity scale
is main beam brightness temperature, the velocity scale is with respect to the comet rest velocity.

Fig. 2.— Methanol lines observed in comet C/1999 H1 (Lee) at CSO, SEST, IRAM and JCMT. Line
identifications are given on the top of each series of spectra. The CS(5—4) is also observed in the upper side
band of the two 241 GHz CSO spectra for which we have over-plotted, in dotted line, the low resolution
(1 MHz) backend spectra. The JCMT 338 GHz spectra were obtained in two separate 125 GHz subbands
plotted here on the same spectrum (the features at 338.450 and 338.595 GHz are band-edge artifacts).
Telescope, mean observation date and heliocentric distance (r, in AU) are given for each spectra. The
intensity scale is main beam brightness temperature, the x-axis scale is the velocity with respect to the
comet rest velocity for the CH;OH 304 and 307 GHz lines (actually taken from the same spectra but
independently plotted here), or the rest frequency in the comet frame for the other spectra.

Fig. 3.— Observation of the CO(3-2) line in comet Lee in August 1999 (average of 3 days) at JCMT.
The spectrum has been binned to a resolution of 0.625 MHz or 0.54 km s—!. The negative feature at

~+16 km s~! is a ghost of the narrow, not removed, CO atmospheric line. Scales are as in Fig.1.

Fig. 4.— HNC(3-2) detection in comet C/1999 H1 (Lee) at JCMT on June 6.147.1, 1999 (heavy line)
with HCN(3-2) line observed the same days (light dashed line). Vertical scale in main beam brightness
temperature is the same for both lines, as well as the horizontal scale which is with respect to the comet
rest velocity. Actual (smoothed) resolutions are 0.172 (HNC) and 0.352 km s~ (HCN). Note the “ghost”
negative lines of half the total intensity for both HNC (at £17.9 km s~!) and HCN (at +18.3 km s™1),
resulting from the folding of frequency-switched spectra. Ozone (for HNC) and HCN atmospheric main
and ghost lines have been removed from the spectra by Gaussian fitting.

Fig. 5.— Sample of OH spectra of comet C/1999 H1 (Lee) obtained with the Nang¢ay radio telescope in
May and June 1999: average of both polarizations, 1667 and 1665 MHz lines, scaled to the 1667 MHz
one assuming the LTE ratio of 9/5. The lines are in emission as the maser inversion was positive at the
time of the observations. The intensity scale is in jansky per beam, the velocity scale is with respect to
the comet rest velocity.

Fig. 6.— Evolution of half width at half maximum (HWHM) of the molecular lines in comet C/1999 H1
(Lee) as a function of heliocentric distance. Pre-perihelion and post-perihelion data are combined.

Fig. 7.— Evolution of molecular production rates of comet C/1999 H1 (Lee) as a function of heliocentric
distance. Left: pre-perihelion data, right: post-perihelion data. The dates corresponding to each step of
0.1 AU are also given on the top scale. Inverted triangles also gives 3 — o upper limits, respectively from
top to bottom, for OH (3 dates), CO (3), CH;0H (1), H2S (1), HoCO (1) and HNC (1). Power law fits
from Table 7 are drawn for OH, HCN and CH3OH.



Table 1: Log of the observations and line intensities

UT date <rp> < A > Integration Species Transition [ Tydv® Resolution Telescope®
[mm/dd.dd-dd.dd] [AU] [AU] time [min]® [K km s71] [kHz]
May 1999:
05/04.81-06.10  1.437 0.720 428 HCN 1-0 0.045 + 0.006 80 SEST
05/04.81-05.12  1.444 0.720 188 CO 2-1 < 0.024 80 SEST
05/05.84-06.10  1.429 0.720 240 CH3O0H 30—20F 0.049 £ 0.004 80 SEST
CH;OH 3_;24FE 0.058£0.005 “ “
CH;0H 30—20AT 0.101 £ 0.005 “ “
05/19.24-19.28  1.237 0.839 35 HCN 3-2 0.500 £+ 0.079 94 JCMT
05/20.22-20.34  1.222 0.874 121 CH30H 5040 E 0.086 £ 0.023 188 JCMT
CH;0OH 574 4FE 0.100£0.025 “ “
CH;0H 50—49AT 0.123 £ 0.028 “ “
CH;0H 534344 0.057+0.024 « «
CH;0H 54 FE 0.078 £ 0.026 “ “
CH3;0H 59-4,E4  0.160 £ 0.028 “ “
05/21.23-21.27  1.209 0.873 37 CH30H 2,4 -2,A% 0.246+0.037 100 CSO
CH3;0H 4,4 —49AtT 0.45140.036 “ “
05/22.22-23.28 1.188 0.898 80 CS 54 0.098 £ 0.022 100 CSO
CH3;0H 50—4oE 0.062 £ 0.022 1000 “
CHsOH 5_1441E 0.120+£0.023 100 CSO
CH;0H 50—49AT 0.135 £ 0.023 100 «
CH;0H  53-43A%4  0.045 £ 0.026 1000 «
CH;0H 54 E 0.041 £ 0.021 1000 “
CH3;0H 5949 4 0.060 £ 0.025 1000 “
05/23.98-24.03  1.170 0.921 44 HCN 1-0 0.081 £0.018 80 SEST
05/24.21-24.25  1.167 0.925 35 CH30H 2,4 -2,A% 0.305+0.032 100 CSO
CH;0H 4,A -49AT 0.366 4+ 0.034 “ “
05/24.96-25.03  1.157 0.939 56 HCN 1-0 0.060 + 0.016 80 SEST
05/25.22-26.25  1.146 0.952 70 HCN 4-3 0.560 £ 0.035 100 CSO
H,CO 515414 0.303 £0.035 “ “
05/27.23-27.25 1.125 0.979 19 HDO 191000 < 0.336 100 CSO
June 1999:
06/03.83-04.82  1.011 1.147 147 HCN 1-0 0.098 + 0.010 23,100 IRAM
HsS li0—101 < 0.153 23 “
H,CO 312211 0.196 £ 0.019 23 “
06/04.19-04.23  1.015 1.139 38 HCN 3-2 0.510 £ 0.026 94 JCMT
06/05.15-05.19  1.003 1.158 42 CO 2-1 < 0.063 94 JCMT
06/05.60-05.83  0.994 1.170 147 HCN 1-0 0.076 £+ 0.007 23,100 IRAM
06/05.60-07.67  0.987 1.185 357 CO 2-1 < 0.040 47,100 IRAM
06/06.03-06.04  0.991 1.176 22 HCN 3-2 0.465 £ 0.040 94 JCMT
06/06.06-07.15  0.983 1.187 194 HNC 3-2 0.072 £ 0.009 94 JCMT
06/06.60-06.83  0.982 1.190 180 HNC 1-0 < 0.015 23 IRAM
06/07.00-07.15  0.978 1.196 37 HCN 3-2 0.580 £ 0.040 94 JCMT
06/07.64-07.83  0.969 1.210 130 HCN 1-0 0.100 £ 0.010 23,100 IRAM
07.68-07.67  0.969 1.210 100 CS 54 0.208 £ 0.054 47,100 IRAM
06/08.02-08.15  0.965 1.216 122 CS 5-4 0.107 £ 0.017 94 JCMT
06/09.11-11.28  0.938 1.259 223 CH30H 50—4oE 0.074 £ 0.019 188 JCMT
CH;0OH 5,4 ,FE 0.117£0.026 “ “
CH3;0H 50—49AT 0.092 £ 0.020 “ “
CH;0H 53—43 A4 0.106 + 0.024 “ “
CH3;0H 5949 A~ 0.078 £0.018 “ “
CH3;0H 53—43E 0.073 £0.018 “ “
CH3;0H 54 E 0.080 £ 0.019 “ “
CH3;0H 5949 FEY  0.17240.023 “ “
06/09.25-09.28  0.950 1.240 33 HCN 3-2 0.490 £ 0.093 94 JCMT
HCNe 3-2 0.330 £ 0.080 “ “
06/10.25-10.28  0.937 1.260 35 HCN 3-2 0.460 £ 0.070 94 JCMT
06/11.17-11.22  0.926 1.278 43 HCO+ 3-2 <0.15 94 JCMT
0CS 22-21 < 0.084 “ “
CH30H 998 1F < 0.084 “ “




UT date <rp> < A> Integration Species Transition [ Tydv? Resolution TelescopeP
[mm/dd.dd-dd.dd]  [AU] [AU]  time [min]° [K km s71] [kHz]
June 1999:
06/24.22-27.26 0.778 1.524 100 HCN 3-2 0.310 £ 0.030 100 CSO
06/28.22-28.26 0.755 1.565 43 CH30H 2;47-20A% < 0.088 100 CSO
CH;0H 4,47 -43At 0.107 £0.031 “ “
August 1999:
08/22.64-22.76 1.092 1.329 95 HCN 4-3 0.547 + 0.044 188 JCMT
08/22.79-22.89 1.093 1.328 90 CS 76 0.147 £ 0.033 188 “
CH;0H 1,00 At < 0.097 “ “
08/23.73-23.77 1.106 1.312 30 HCN 4-3 0.603 £ 0.033 188 “
08/22.64-27.84 1.120 1.294 205 CO 3-2 0.036 £ 0.011 188 “
08/24.81-24.84 1.120 1.294 25 H,CO 515414 0.183 £0.019 188 “
08/25.81-26.92 1.144 1.265 92 CH3;0H 7-1—6-1E 0.153£0.017 375 “
CH;0H  79-60A*  0.182+0.020 « «
CH;0H 71—6.F 0.090 £ 0.015 “ «
CH;0H To—62 AT 0.068 £ 0.015 “ «
CH;0H  74-6,E4  0.151£0.019 « «
September 1999:
09/06.99-07.35 1.310 1.064 240 HCN 1-0 0.067 £+ 0.009 23 IRAM
CH3;0H To—71E 0.024 + 0.022 100 “
CH3;0H 60—6_1F 0.079 £ 0.025 47 “
CH3;0H 595 1F 0.102 £ 0.029 47 «
CH3;0H 49-4 E 0.066 + 0.032 47 “
CH3;0H 1g-1_1F 0.060 + 0.030 47 “
CH3;0H 30-3_1F 0.052 + 0.032 “ “
CH;0H  20-2,E  0.153+0.032 « «
09/06.99-09.52 1.328 1.043 669 H,CO 312213 < 0.045 23 IRAM
09/08.24-08.53 1.328 1.043 190 HCN 1-0 0.062 £ 0.010 23 IRAM
09/08.24-10.50 1.342 1.028 649 CH30H 30-20F 0.064 £+ 0.006 47 «
CH;O0H 3 12 41FE 0.077 £ 0.006 “ “
CH3;0H 30-20AT 0.105 £ 0.008 “ “
CH3;0H 392, A" 0.022 £ 0.006 « «
CH3;0H 352, F4 0.033 £+ 0.006 “ “
CH;0H 312, FE 0.026 £ 0.006 “ “
CH3;0H 392, A1 0.014 £ 0.006 « «
09/09.20-09.52 1.342 1.028 239 HCN 1-0 0.059 £ 0.009 23 IRAM
09/10.19-10.50 1.356 1.012 220 HCN 1-0 0.042 + 0.007 23 “
CS 54 0.097 £ 0.017 23,100 IRAM
09/10.49-10.63 1.359 1.008 115 HCN 3-2 0.162 £ 0.010 100 CSO
09/11.51-11.69 1.374 0.992 164 CH3;0H 2,4 -2;AT 0.23440.012 100 CSO
CH;0H 4,4 -4pAt 0.197 £0.010 100 CSO
09/12.52-12.67 1.389 0.977 144 CS 54 0.039 £ 0.007 100 CSO
CH3;0H 50—4oE 0.061 £ 0.009 1000 “
CH;0H 5_1-44+E 0.069 £ 0.006 100 “
CH;0H 59—4gAT 0.088 £ 0.009 100 “
CH3;0H 54 FE 0.035 £ 0.010 1000 «
CH3;0H 59-45FE4 0.052 £0.012 1000 «
October 1999:
10/01.31-02.38 1.666 0.830 140 HCN 3-2 0.223 +0.012 94 JCMT
10/01.39-02.48 1.667 0.830 170 CH30H 50—4oE 0.024 +0.012 188 “
CH;0H 5_14_4+FE 0.093+0.014 “ “
CH;0H 59—4gAT 0.107 £0.015 “ “
CH;0H 54 E 0.044 + 0.013 “ “
CH;0H 59—4,E9  0.074 4 0.015 “ “
10/24.34-26.28 1.996 1.178 175 HCN 4-3 < 0.049 188 “

¢Line integrated intensity.

bTelescope used for the observations, CSO-10.4m, or JCMT-15m, or SEST-15m or IRAM-30m antennae.
¢Total integration time, i.e. ON+OFF in the case of beam-switching.

4Blended lines (see Table 2).

¢Coarse mapping, average of 7” offsets.



Table 2: Line frequencies and beam sizes

Molecule  Transition Frequency Beam sizes
[MHz] CSO SEST or JCMT IRAM
CcO 2-1 230538.000 217 10.4”
CO 3-2 345795.990 13.6”
HCN 1-0 88631.847 547 26.4”
HCN 3-2 265886.432 277 18.57
HCN 4-3 354505472 19.8” 13.2”
HNC 1-0 90663.574 25.8”
HNC 32 271981.142 18”
CS 5-4 244935.606  28.5” 20” 9.8”
CS -6 342 882.995 13.77
H,S li0—1o1 168 762.762 14.0”
H,CO 312211 225697.775 21.57 10.6”
H,CO 515414 351768.645 207 13.47
CH3;0H 30—20F 145093.760 33”7 16.2”
CH;0H 3_;-2_:FE 145097.443 “ “
CH3;0H 30-20AT 145103.194 “ “
CH3;0H 32224 145124.334 “
CH3;0H 32-22F 145126.1902 “
CH3;0H 352 .F 145126.392? “
CH3;0H 31—2:FE 145131.873 “
CH3;0H 322, AT 145133.418 «
CH;0H To—-7T-1E 156 828.480 15.0”
CH3;0H 606_1E 157048.586 “
CH3;0H 50-5_1E 157178.962 «
CH3;0H 40-4_1FE 157246.041 «
CH3;0H lo-1 41 FE 157270.818 «
CH3;0H 30-3_1FE 157272.320 «
CH3;0H 202.F 157276.004 «
CH3;0H 50—4oE 241700.168 29”7 20”
CH;0OH 5,4 FE 241767.247 “ “
CH3;0H 5049 AT 241791.367 « “
CH3;0H 53-43AT 241832.716* ¢ “
CH3;0H 53—43A~ 241833.104> ¢ “
CH3;0H 54 E 241879.038 “ “
CH3;0H 5945 AT 241887.678 “ “
CH30H 554 2F  241904.158* ¢ “
CH3;0H 53—42F 241904.643> ¢ “
CH;O0H 99—8_1FE 267 403.394 18.47
CH30H 2;A7—20A" 304208.324 23.0”
CH30H 4;A-—4pAt 307165911 22.8”
CH;OH 7_1-6_1E  338344.605 14.0”
CH3;0H To—60AT 338408.718 “
CH3;0H 7161 E 338614.953 “
CH3;0H To—62 AT 338639.807 “
CH3;0H To—62F 338721.694 “
CH;0H  7_56_2FE 338722914 “
CH3;0H 11-00AT 350950.718 13.47
0CS 22-21 267530.218 18.47
HCO+ 32 267 557.625 18.47
HDO 101000 464924.520 15.5”
Nancay
OH F=1-1 1665.402 3.5 x 19’ at Dec. =0°
OH F=2-2 1667.359 “

Frequencies are taken from Xu & Lovas (1997) for methanol.

%indicates blended lines.



Table 3: Telescopes main beam efficiencies

Frequency Telescope beam efficiency
[GHz] CSO SEST JCMT IRAM

89 0.75 0.74

145 0.65 0.54

157 0.51

169 0.49

226 0.50 0.40

230 0.50 0.69 0.39

242 0.65 0.69

245 0.65 0.69 0.36

266 0.65 0.69

272 0.69

305 0.58

338 0.62

345 0.62

351  0.60 0.62

354  0.60 0.62

465 0.50




Table 4: Summary of the observational offsets

UT date Telescope  Orbital elements used Pointing offsets in arcsec (O—C)?

[mm/dd.d] (osculating date) A(R.A) A(Dec.) total®
05/04.9 SEST JPL-DE406 12 —6.5 +6.1 9.0
05/05.9 “ “ —6.0 +5.5 8.2
05/19.2 JCMT MPC 34421 —-2.5 —-5.0 6.3
05/20.2 « « —-2.6 —5.2 7
05/21.2 CSO MPC 34421 —2.7 —-5.4 6.4
05/22.2 “ « —2.7 —5.5 6.8
05/23.2 « « 28  -56 6.6
05/24.2 “ « —-2.8 -5.7 6.7
05/25.2 « “ —2.8 -5.9 7
05/26.2 « “ —2.8 —6.0 6.9
05/27.2 « « —-2.8 —6.1 7.0
05/24.0 SEST MPEC 1999-K10 -1.9 —2.7 4.1
05/25.0 « « -1.9 —-2.8 4.2
06/04.0 « « -1.9 -29 4.3
06/04.2 JCMT JPL-DE406 19¢ —-24 +0.1 2.6
06/05.2 “« « -2.5 +0.2 3.9
06/06.2 « « —-2.8 +0.3 3.7
06/07.2 « « -3.0 +0.5 3.9
06/08.2 « “ —-3.4 +0.7 4.6
06/09.18 « “ -3.7 +1.0 4.6
06/09.27 « “ -3.7 +1.0 4.0
06/10.18 « “ —-4.0 +1.3 4.7
06/10.27 « “ —4.1 +1.3 4.4
06/11.18 « . 44 +16 7
06/11.25 « . 44 416 6.1
06/03.8 IRAM JPL-DE406 17 —2.2 +0.0 2.8
06/04.7 « « 24 402 31
06/05.7 “ “ —2.6 +0.3 3.3
06/06.7 “ “ —-2.9 +0.5 3.5
06/07.7 « “ -3.0 +0.8 3.7
06/24.2 CSO MPC 34734 +0.8 —2.6 8
06/25.2 « « +1.1 —2.6 5.6
06/27.2 “ « +1.5 —-2.8 5.2
06/28.2 “ « +1.8 —-2.9 6.5
08/22.8 JCMT MPEC 1999-P18 —1.1 +0.2 1.6
08/23.8 “ “ —-1.1 +0.2 1.9
08/24.8 « « “11 403 1.9
08/25.8 “ “ —-1.1 +0.4 2.3
08/26.8 « “ —-1.2 +0.4 2.8
08/27.8 « “ —-1.2 +0.4 2.3
09/07.2 IRAM JPL-DEA406 26 —-1.2 +1.1 2.6
09/08.4 “ « —-1.2 +1.1 2.6
09/09.4 “ « —-1.2 +1.2 2.6
09/10.3 « « ~12 412 27
09/10.5 CSO JPL-DEA406 28°¢ +1.3 -1.3 44
09/11.5 « « 415 -15 3.5
09/12.5 « « 418  -17 35
10/01.4 JCMT MPC 35814 +0.5 +3.2 4.2
10/02.4 « ‘ 106 +33 45
10/24.4 JCMT MPC 35814 +0.1 +4.8 4.9
10/24.3 « « 401 +48 5.2
10/25.3 « “ +0.1 +4.8 5.0

%QObserved-Computed position (from JPL-DE406 32 and 37).

bincludes additional pointing errors and rms (1” to 3” typically) of the antenna.
¢Ephemerides for observations were computed from a numerical integration of this orbit.
4No tracking, comet drifted 8 to 10” accross the beam.



Table 5: Temperature measurements

UT Date  rp,  Molecule Frequencies Number Temperatures (K) Modeled temperatures®® (K)
(AU) (GHz) of Rotational Kinetic Tne =1 Zpe=0.5 2Zpe=0
lines (observed) (constraints) T = Ty = T.ot. = Tot.
May 05.9 1.429 CH3;0OH 145.1 3 16 +2 (14-80) 45 16.1 14.6 12.4
May 20.3 1.222 « 241.8 6 59715 - 60  26.0 23.2 19.9
May 22.8 1.188 « 241.8 6 18+ (1460) 65 245 21.9 19.2
May 22.8 1.188 « 304/307 2 81+70 9215, 65  59.7 60.3 60.1
Jun.10.2  0.938 “ 241.8 8 ~ 310 - 90 33.6 30.3 26.4
Aug.25.3 1.143 « 338.6 5 3317 (>607) 45 245 21.5 17.6
Sep.07.2  1.310 “ 157.2 7 31*% 2615 35 394 37.8 36.0
Sep.09.4  1.342 « 145.1 7 20+ 3 (17-100) 30 21.8 19.4 15.9
Sep.11.6  1.374 « 304/307 2 22+2 23+3 30 32.5 31.8 31.1
Sep.12.6  1.389 « 241.8 ) 19+4 (15-100) 30 18.3 16.5 13.9
Oct.01.9 1.667 « 241.8 ) 21+4 (>25) 25 17.3 15.5 12.8
May 25.1 1.15 HCN 88.6/354.5 2 22.3+25 - 65 26.7 22.2 14.0
Jun.04.3  1.013 “ 88.6/265.9 2 21.3+24 - 80 38.3 30.6 15.9
Jun.06.5  0.985 « 88.6/265.9 2 26.6+2.9 - 80 38.8 31.0 16.0
Sep.10.1 1.35 « 88.6/265.9 2 21.4+29 - 30 21.3 17.2 9.5

%Zne: Multiplying factor of the total electron density (1 = default model, 0 = no electrons).

bTot.: Modeled rotational temperature for assumed z,e and 7.



Table 6: Production rates (in units of 10%¢ molecules s—1)

UT Date <1 > (AU) Quen QcHzoH Qu.co Qcs Others
May 05.5 1.436 0.41 £0.06 Qco < 26
May 05.9 1.429 21.1+1.5

May 19.3 1.237 0.61+0.10

May 20.3 1.222 21.6 + 6.6

May 22.8 1.188 27.6+ 3.1 0.64 +0.14

May 24.5 1.163 1.18 +0.20

May 25.7 1.146 0.89 + 0.06 126+ 1.5

Jun.04.3 1.013 0.99 +0.27

Jun.04.5 1.010 9.6+0.9 Qu,s < 9.2
Jun.05.2 1.003 Qco < 166
Jun.06.1 0.990 Qco < 56
Jun.06.6 0.985 1.09 +0.19 Qunc = 0.12+0.02
Jun.07.7 0.969 0.87 +0.22

Jun.08.1 0.965 0.79+0.13

Jun.09.3 0.950 0.94+0.14

Jun.10.3 0.938 1.024+0.15 41.6 +24.8 Qocs < 43
Jun.25.5 0.773 1.774+0.17

Jun.28.2 0.755 31.8+9.22

Aug.22.8 1.093 <13 0.69+0.16

Aug.23.3 1.099 0.71+0.04

Aug.24.8 1.120 5.6+ 0.6 Qco =26+38
Aug.25.3 1.143 25.5+4.3

Sep.07.2 1.310 155+ 7.4

Sep.08.3 1.327 <11

Sep.08.8 1.334 0.45 £ 0.05

Sep.09.4 1.342 14.1+2.7

Sep.10.2 1.356 0.32+0.01 0.23 +0.04

Sep.11.6 1.374 12.7+24

Sep.12.6 1.389 13.9+ 0.9 0.30 + 0.06

Oct.01.8 1.666 0.22 +0.01 8.2+23

0ct.25.3 1.996 < 0.09

Power law fits:
Pre-perihelion:
Post-perihelion:

1.02 + 0.09 x 7}, 20£0-5
0.91 + 0.22 x rj 2807

36+ 5 x r;, 7F00
3544 x r 0%03

0.79 +£0.06 x T’:I.ziOJ
0.98 £0.62 x T’:4.1ﬂ:2.4

4Large uncertainty in the beam efficiency (Q probably underestimated).



Table 7: OH observations and production rates

UT Dates number of <A > <rp, > maser Line area dVoP Qon
[mm/dd.dd-dd.dd]  transits (AU)  (AU) inv® mJykms™!'  kms™! 1028 51
05/08.76-12.74 5 0.74 1.36 0.34 221+ 19 2.28 +£0.25 5.7+0.5
05/13.73-19.71 5 0.82 1.26 0.35 144 £ 13 1.69+ 0.18 5.8+ 0.6
05/20.70-24.69 5 0.90 1.19 0.37 133+ 14 1.97+0.26 42405
05/25.68-29.67 5 0.99 1.12 0.40 179+ 14 2.224+0.22 7.4+0.6
05/30.66-34.65 5 1.09 1.05 0.44 174+ 16 2.00+0.21 7.14+0.7
06/04.65-08.63 4 1.19 0.98 0.48 204 + 17 2.46 +0.28 8.8+0.7
06/09.63-13.62 5 1.29 0.92 0.50 201 +£ 17 2.174+0.22 124+1.1
06/14.61-19.60 5 1.40 0.85 0.46 200+ 15 2.22+0.23 144+1.1
06/20.59 1 1.45 0.82 0.39 164 + 36 1.66 £+ 0.52 14.1+3.1
07/01.5 -09.5 7 1.64 0.72 -0.27 —20+ 16 - <92
07/20.4 —25.4 5 1.68 0.75 -0.17 +26 + 18 - <148
08/05.3 -15.3 9 1.51 0.93 0.13 —-18+13 - <71
Pre-perihelion power law fit: 9.1 +0.8 x r;2'3i0'6

% A-doublet maser inversion from Despois et al. (1981).
bHalf base of the fitted trapezium (see text).

Table 8: Molecular abundances relative to water and HCN

Molecule Q,/Qun.0 Qp/Qucn
1

HCN 0.11 +£0.02%

CcO 4+1% 37+ 11
CH3;0H 404+05% 38+ 6
CS 0.08 £0.01% 0.84 +£0.09
H,S <09 % <93
H,CO 1.3+02 % 10+ 2
HNC 0.012 £0.002% 0.13 £0.02
HDO <0.6% <6

0CS <3.6% < 42
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