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Abstract. Comet Lee (C/1999 H1) was observed on June 6, 1999 when it was at rh = 0.98 AU and Δ = 1.195 AU. The
spectrophotometric observations, between 0.6 and 1 μm, were aimed at the detection of the CI(1D) doublet λλ 9823/9850 Å.
The non-detection of these lines, with a 3σ flux upper limit of the order of 4.6 × 10−17 erg cm−2 s−1, confirms the CO depletion
already noted by other authors. Several CN and NH2 emission bands lie in that spectral range, making it possible to derive
production rates for both species as ∼3.1 × 1026 s−1 and 1.2 × 1027 s−1, respectively. The oxygen forbidden line at 6300 Å was
used to obtain QH2O = (1.22± 0.7)× 1029 s−1. Assuming that CN and NH2 are directly produced by HCN and NH3, Comet Lee
has a HCN/H2O ≈ 0.25% and NH3/H2O ≈ 1% at rh = 0.98 AU, in reasonable agreement with what has been found in other
long-period comets. The structural analysis carried out on cometary images acquired with broad band R Bessel filter clearly
displays two pairs of ion rays likely produced by the H2O+ doublet at 6198 and 6200 Å, wavelengths covered by the bandpass
filter. Identical features are found in the images acquired with the Gunn i filter.
The dust brightness profiles in the east-west direction do not deviate from a ρ−m law (with 0.7 < m ≤ 1.2) as expected for a
steady state model coma with a constant dust production rate and expanding at constant velocity. The dust production rate, as
obtained from the A fρ parameter, is ∼500 cm, which compared with the gas production rate classifies this comet as a dust poor
one with relatively high (6.5–11.7) gas-to-dust mass ratio. Analysis of the normalized reflectivity gradient (i.e. continuum color)
as a function of ρ indicates a slight reddening of the solid component in the coma at large cometocentric distances, whereas the
average dust color within an aperture of 20 000 km, centered at the nucleus, is ∼9% per 1000 Å. Mie scattering computations
applied to an ensemble of particles indicate that the dust coma is characterised by a relative broad size distribution with a typical
mean size of 1 μm. These grains might be composed of a mixture of silicates and icy material.
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1. Introduction

Comet C/1999 H1 (Lee) was discovered on April 16, by
Steven Lee from South Wales (IAUC 7144). Subsequent de-
termination of the orbital elements by Marsden (MPEC 1999-
H06) classified this new object as a long-period (∼81 000 yr)
comet in a “parabolic” orbit (e = 0.999742854) with semima-
jor axis at 2754 AU.

After discovery, as the comet would reach relatively short
geocentric distance when approaching the perihelion, an ex-
tensive observation campaign took place. Weaver et al. (1999)
carried out pre-perihelion infrared observations of Comet Lee
detecting several bands of ethane, from which they estimated
a production rate of (0.7−1.4) × 1027 s−1 on UT May 20.3,
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when the comet was at rh = 1.22 AU and Δ = 0.86 AU. For the
same date, the methane production rate was ∼4.5 × 1026 s−1.
Later on, during UT 20–29 May (1.10 ≤ rh ≤ 1.24 AU,
0.84 ≤ Δ ≤ 1.02 AU), strong emissions were detected in the
C–H stretch region near 3.4 μm and also broad emission fea-
ture centered near 3.27 μm likely associated with PAHs. The
methanol emission at 3.51 μm made it possible to derive a pro-
duction rate of the order of 2× 1027 s−1. During this observation
campaign, no day-to-day temporal variability was observed at
the 20% level.

Mumma et al. (2001) observed the comet in the near-IR
(1−5.5 μm) on June 2–3 and on August 19–21, 1999, be-
fore and after perihelion, searching for certain key organic
species. Molecules such as water, carbon monoxide, methanol,
methane, ethane, acetylene and hydrogen cyanide were de-
tected and their production rates derived. The relative abun-
dances found in this survey are similar to those found for
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comets Hyakutake and Hale-Bopp (two other comets that prob-
ably had their origin in the nebular region of the giant planets),
excepting CO, which is deficient in comet Lee by a factor of
5–10. This CO deficiency demonstrates that chemical diversity
occurred within the formation region of the Oort-cloud comets.

Feldman et al. (1999) observed the comet pre-perihelion
on June 7, 1999 making use of the Space Telescope Imaging
Spectrograph (STIS) installed on the Hubble Space Telescope.
The acquired long-slit spectra over the range 115–320 nm with
a spatial resolution along the slit of 44 km projected at the
comet showed strong emissions due to OH, CS and contin-
uum. The low dust/gas ratio implied by the relative bright-
ness of OH to continuum also enabled the authors to detect S2

and C2. Therefore, Comet Lee is the third comet out of four
where S2 has been positively identified (the other three are
comet IRAS-Araki-Alcock C/1983 H1, Hyakutake C/1996 B2,
and 153P/Ikeya-Zhang). The spatial profiles of CS and the con-
tinuum vary in time and are symmetric about the nucleus, while
those of the OH bands display significant asymmetry.

Water was also observed with the Submillimeter Wave
Astronomy Satellite, SWAS, (Melnick et al. 2000) by Nuefeld
et al. (2000) on May 19–23, 1999. The production rate derived
by these authors (8 × 1028 s−1) is 50% lower than that derived
by Biver et al. (2002) from contemporaneous radio observa-
tions of hydroxyl molecules. The data, taken over a period of
4.68 days, provide no evidence for variability. Post-perihelion
observations, spanning from Sep. to Dec. 1999, with the same
satellite (SWAS) (Chiu et al. 2001) indicate that the water pro-
duction rate was steeply decreasing with heliocentric distance
(as r−5.5

h in the range rh = 1.3−1.7 AU) and was undetectable
after Sep. 28.

In this paper, we present the morphological analysis of
broadband images acquired in R#642 and i#705 filters, after
bias and flat field correction as well as sky subtraction. The
analysis of spectrophotometric observations of Comet Lee be-
tween 0.6 and 1.0 μm taken on June 6, 1999 is also discussed.
Two consecutive spectra were acquired aiming at the detection
of the CI(1D) doublet at 9823.4 and 9849.5 Å. These spec-
tra also contain information on gas emission from OI(1D), CN
and NH2, and continuum emission due to the scattering of the
solar light by the cometary dust grains. Thus, we have ob-
tained CN and NH2 production rates by using the customary
Haser modeling (Haser 1957), H2O production rate by means
of the OI(1D) prompt emission at 6300 Å, and 3σ upper limit
detection of the atomic carbon lines. Additionally, we have
studied the continuum brightness profiles, the dust color as a
function of projected cometocentric distance, ρ and the dust
production rate parameterized by A fρ (A’Hearn et al. 1984).
Mie-scattering modeling has provided us with an approximate
dust size distribution as well as quantitative composition.

2. Observations and basic data reduction

2.1. Broadband imaging

Comet C/1999 H1 (Lee) was observed at the European
Southern Observatory, La Silla, Chile, preperihelion on June 6,
1999, when the comet was at 1.195, 0.979 AU geocentric and

heliocentric distance, respectively. We used the EFOSC2 in-
strument mounted on the 3.6 m telescope (2060 × 2060 pixels,
including overscan pixels, pixel size: 0.′′157, usable FOV 5.′2 ×
5.′2). The telescope tracking was set to the proper motion of the
comet and the sky conditions were photometric.

For telescope pointing and slit acquisition purposes,
the comet was imaged with R Bessel (λc = 6431 Å,
FWHM = 1654 Å) and Gunn i (λc = 7931 Å, FWHM = 1256 Å)
filters. Additionally, sky flats were acquired with the same
filters for bias and flatfield correction of the images. Since
the main objective of the observation campaign was to
obtain the long-slit spectra, no devoted standard stars
were observed with these broadband filters. However,
a summary of the EFOSC2 zero points is available at
http://www.ls.eso.org/lasilla/sciops/efosc/docs/

Perf ZeroPtSummary.html and we have used the Zp in R
and i for June 6, 1999 to calibrate these broadband images
in A f (see Tozzi & Licandro 2002). An approximate sky back-
ground level was determined from ring aperture measurements
at a distance from the nucleus at which almost no coma light
was found. A morphological analysis has also been carried out
on the reduced images.

2.2. Long-slit spectrophotometry

Spectrophotometric observations were taken with a grating of
300 lines per mm, a slit width and length of 1′′ and ∼5′, respec-
tively. This resulted in an observable spectral range between
6015 Å and 10 300 Å with a wavelength scale of 2 Å per
pixel and a spatial scale of 2 × 0.′′157 per pixel since the data
were rebinned in the spatial direction. The slit of the spectro-
graph was orientated east-west, leading to spatial profiles that
lie approximately parallel to the Sun-comet line projected on
the plane of the sky (position angle of the Sun (PA) ≈ 112◦).
For absolute calibration, we obtained observations of the spec-
trophotometric standard star LTT 7379 (V = 10m23). The two
acquired spectra were reduced using the ESO-MIDAS standard
reduction context long for long-slit spectra. The spectra were
bias subtracted, flatfielded, wavelength calibrated (using He-
Ar reference spectra), extinction corrected (using the standard
extinction curve for La Silla) and finally flux calibrated. The
cometary emission barely filled the slit and the sky flux could
be determined form the edges of the frames. Details of the ob-
servations are given in Table 1.

3. Data analysis and results

3.1. 2D morphology

Just for completeness, we have investigated the general spatial
distribution of particles in the coma of Comet Lee from the
acquired broadband images. The analysis of the existing asym-
metries was carried out on the images after bias and flatfield
correction, and sky subtraction. Either in R Bessel or Gunn i,
the comet shows the dust coma and an incipient dust tail, with
a superimposed spherical coma from the gas emission at wave-
lengths covered by the transmission curve of the filters, as well
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Table 1. Details of the observations on June 6, 1999.

Time Band Exp. time Δ rh km airmass PA Phase

UT (s) AU AU per pixel deg deg

22:59:33, 23:29:59 Gunn i 20 1.76–2.09

23:07:52–23:51:27 R Bessel 20 1.195 0.980 136 1.84–2.20 111.5 54.59

23:40:22–00:06:13 spectra 600 2.30–2.69

PA refers to the position angle of the extended Sun-target radius vector. Phase is the Sun-comet-observer angle. rh and Δ are the heliocentric
and geocentric distances of the comet during our observations.

as some structures in the form of rays presumably produced by
the H2O+ doublet at ∼6200 Å.

To enhance the existing asymmetries and/or features, two
different methods were applied: 1) adaptive Laplace filtering
(Richter 1978, 1991; Boehnhardt & Birkle 1994) and 2) radial
renormalization (A’Hearn et al. 1986). The former method does
not depend on the accuracy of the comet nucleus centering by
a 2D Gaussian, and it is more sensitive to gradient changes on
different scales depending on the width of the spatial filtering
applied. The latter method uses the azimuthally averaged ra-
dial profile of the coma flux to create a 2-dimensional image of
the average coma flux level and divides it through the original
image of the comet.

Figure 1 shows the coma of the comet before and after ap-
plying enhancement technique 1 to a median combined image
in R Bessel. The coma of Comet Lee shows up to four streams
or jets (two of them clearly defined) in the anti-sunward di-
rection. These streams are most likely produced by the line
doublet at 6198 and 6200 Å of the (0, 8, 0) transition of the
Ã2A1−X̃2B1 electronic system of the H2O+, as well as by the
comparably strong (0, 6, 0), (0, 7, 0) and (0, 9, 0) bands. These
streams have an approximate width of 5◦ and the two most
prominent ones are located at azimuthal angles of 287◦ and
296◦ as measured from north toward east.

Ion rays usually occur in pairs on either side of the ion tail,
as they trace the magnetic field of the solar wind as it flows
through the comet. The flow of the solar wind is decelerated
by the addition of cometary ions to the wind. The deceleration
is greatest near the nucleus, while on the outer edges of the
coma, the solar wind continues to flow near its usual speed.
This velocity shear gives the magnetic field lines, and the rays,
their “hairpin” shapes.

It is known that significant changes in the ion rays can oc-
curr; they first appear at fairly large angles to the ion tail, typi-
cally 45◦, and then they brighten and converge towards the tail
axis. The faster the solar wind speed at the comet, the more
rapid the ion rays move. This process occurs over the course
of typically 30 min–1 h. To detect any change in the position
angle of the ion rays, and since the comet was imaged during
∼45 min, approximately, we have applied a Laplace filtering
to the individual images. A slight convergence of the ion rays
towards the tail can be seen in Fig. 2. The fact that these vari-
ations are not very large indicates that the solar wind speed at
the comet might not have been very high at the time of our
observations.

The adaptive Laplace filtering, applied to the Gunn i im-
ages, enhances the ions rays, although their contrast is slightly
worse, as expected from a fainter H2O+ band at ∼7500 Å within
the filter bandpass.

The calibration in A f was applied to median combined
frames in R Bessel and Gunn i. The parameter A fρ was in-
troduced by A’Hearn et al. (1984); it represents a measurement
unit related to the dust production rate of a comet. Making use
of the available Zp, we have computed A fρR ∼ 700 cm and
A fρi ∼ 590 cm at ρ ≈ 40 000 km. Note that the bandpass
of these filters certainly covers several emissions due to C2,
NH2, H2O+ and CN, besides the solar radiation scattered by
the dust, and thus the obtained A fρ parameters are upper lim-
its to the more realistic ones obtained from the spectroscopic
measurements where relatively clean continuum regions can be
selected.

3.2. Gas and dust spatial profiles

The gas (NH2, CN, OI and CI) and dust coma have been stud-
ied from the two acquired long-slit spectra in the east-west di-
rection. After flux calibration, both spectra were recentered at
the pixel which presumably contains the cometary nucleus and
aligned along the slit to the optocenter. The resulting spectrum
was then considered to study the CN A 2Π−X 2Σ+ red system,
emission bands of NH2 Ã(0, ν′2, 0)−X̃(0, 0, 0) (hereafter called
the “0, ν′2, 0 band”), atomic oxygen and atomic carbon prompt
emissions at 6300/6364 and 9823/9850 Å respectively, as well
as the continuum profiles in the east-west direction, dust pro-
duction rate (as measured from the A fρ parameter), and ap-
proximate size distribution and composition of the cometary
dust grains.

Several emission features are visible in both cometary spec-
tra (see Fig. 3, upper panel): the OI(1D) cometary feature at
6300 Å, the NH2 bands for ν′2 = 9 (partially), 8, 7, 6 and 5 and
the CN red system bands 2–0, 3–1, 1–0 and 2–1. Superimposed
on the proper cometary emissions, important telluric bands
such as the O2 B and A, several H2O and OH bands (longward
of 9000 Å) can be seen, as well as the atmospheric oxygen for-
bidden line at 6300 Å.

To obtain the pure gas emission features, a onedimensional
synthetic dust spectrum was obtained using a solar high resolu-
tion spectrum (Kurucz et al. 1984) transformed (or calibrated)
in flux according to the solar spectrum distribution measured
by Labs et al. (1987). This spectrum was convolved with the
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Fig. 1. Comet Lee (C/1999 H1) as imaged in the R Bessel filter (left) and processed image (Laplace filter with a filter width of 31 pixels) to
enhance structures. The angular scale for both images is 4.′58 × 5.′25, which is 200 000 × 230 000 km at the comet distance. North is up and
East to the left. Note that up to two clear streams, that are due to H2O+, are enhanced by the Laplace filtering. The position angle of these
structures is 287◦ and 296◦ as measured from north toward east. Each of these features has a width of ∼5◦. The vertical lines are artifacts from
bad columns, whereas the dotty features are background stars.

Fig. 2. The ion rays of Comet C/1999 H1 (Lee): images acquired at 23:07:52 UT (left) and 23:51:27 UT (right) after applying an adaptive
Laplace filter (width of 17 pixels). Viewing geometry is as in Fig. 1, whereas the the field of view is 323.′′42 × 323.′′42 for both frames, which
is 280 300 × 280 300 km at the comet distance. Comet nucleus is at the center of the frame. A slight coarsening of the ion rays towards the tail
axis can be seen.

instrumental point spread function and adjusted to account for
the intrinsic dust color of the comet. The latter is deduced from
the slope of the cometary spectrum measured in wavelength
regions without known gas contamination. From this, a two di-
mensional synthetic cometary dust spectrum was created using
the cometary dust profiles along the slit, extracted from wave-
length regions without gas contamination. Finally, the differ-
ence between the cometary and the synthetic dust spectrum
gives the cometary gas spectrum. The result can be checked

in Fig. 3 where the original cometary spectrum (i.e. the ob-
served one before sky subtraction) and the cometary gas spec-
trum, both integrated in the spatial direction along the slit, are
shown. Note that the cometary gas spectrum, after sky subtrac-
tion too, contains practically no telluric lines and/or bands and
only the pure cometary gas emissions is visible, that is, the con-
tinuum level is about zero. This procedure was applied to each
spectrum. After checking the similarity in the intensity of ev-
ery gas band and/or line in the two spectra, they were median
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Fig. 3. Observed and gas spectrum of Comet Lee (C/1999 H1) spatially integrated along the slit. In the observed cometary spectrum, the sky
values have not been subtracted so that it clearly shows the oxygen telluric line, the O2 B and A bands at ∼6800 and ∼7600 Å, H2O at ∼8200 Å,
and OH band longward 9000 Å. In the lower panel, pure cometary emissions is seen: the CN red system as well as the (0, ν′2, 0) NH2 bands
(with the blended OI lines at 6300 Å and at 6364 Å).

combined to increase the S/N. This final spectrum is the one
considered for the dust and gas analysis presented in the fol-
lowing sections.

3.2.1. OI + NH2 and CN

It is widely known that the (0, 8, 0) NH2 band is blended with
the OI(1D) lines, that the (0, 7, 0) is most likely contaminated
by the C2 Δν = −3 sequence, and that the (0, 6, 0) and (0, 5, 0)
bands are relatively spread and mixed with strong telluric ab-
sorptions. The case of the (0, 8, 0) NH2 band blended with the
oxygen forbidden lines at 6300 and 6364 Å has been previ-
ously studied by Fink (1994), Hicks & Fink (1997), and Fink
et al. (1999). To properly obtain the NH2 and OI(1D) uncon-
taminated flux, both species need to be corrected. High reso-
lution spectra of several comets, including P/Halley (Arpigny
et al. 1987a; Combi & McCrosky 1991) show that most of the
(0, 8, 0) NH2 emission consists of a peak centered near 6290 Å,
and thus blended with the 6300 Å OI(1D) line, and a pure NH2

feature centered near 6335 Å, as well as a number of weaker
features. The average ratio F6290

F6335
for eight comets is about 0.87,

while five observations of comet P/Halley at varying helio-
centric distance yielded 0.86. This factor was determined by
Arpigny et al. (1987b) and it seems to be quite robust over a

wide range of geocentric and heliocentric distances, as well as
being independent of spectral resolution as long as the OI and
the NH2 peaks can be reasonably well resolved. To obtain the
pure 6300 Å OI emission, we thus multiplied the 6335 Å NH2

peak by this number, and subtracted this amount of NH2 from
the OI + NH2 blend at 6300 Å. Next, to obtain the total NH2

flux of the (0, 8, 0) band, the flux measured at 6335 Å was mul-
tiplied by 2 since the emission at that wavelength comprises
about 0.49 of the total NH2 flux (see Fink 1994).

Besides the difficulty in extracting pure NH2 emission from
some of the bands appearing in the cometary spectrum (see
Fig. 3), the exact resonance fluorescence g-factors are not
known. The g-factors for the NH2 bands commonly used are
those in Tegler & Wyckoff (1989) until 1994, and the same
g-factors halved later on. This change was required because
Arpigny (1995) pointed out that the even bands ν′2 = 8, 6, etc.
and the odd bands ν′2 = 9, 7, etc., each account for half the
population of NH2 molecules in the ground state. Recently,
the NH2 fluorescence efficiencies have been re-calculated by
Kawakita & Watanabe (2002). These authors computed the g-
factors as a function of heliocentric distance, finding that the
fluorescence efficiencies for even −ν′2 bands are approximately
proportional to r−n

h , where n = 1.5−1.6, while those for the
odd−ν′2 bands cannot be approximated by the r−n

h function.
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Table 2. CN emission bands extracted from the spectra, their corre-
sponding g-factors, and derived production rates.

Species Spectral region g-factor Q
(Å) (erg s−1 mol−1) (1026 s−1)

CN(2–0) 7822–8039 2.70 × 10−14 2.97 ± 0.13
CN(3–1) 8032–8213 9.85 × 10−15 3.77 ± 0.23
CN(1–0) 9109–9323 8.91 × 10−14 3.24 ± 0.17
CN(2–1) 9342–9528 2.33 × 10−14 2.55 ± 0.12

3.13 ± 0.51a

a Mean CN production rate on June 6, 1999.

The C2 contamination of the ν′2 = 7, 6 NH2 bands becomes
clear when comparing the east-west profiles derived from the
(0, 8, 0) band with the (0, 7, 0) and (0, 6, 0) bands: the one
deduced from the (0, 8, 0) is noticeably steeper (and more
characteristic of arising from NH3 photodissociation) than the
ones resulting either from the (0, 6, 0) or the (0, 7, 0) band
which are much flatter, reflecting the contamination by the
Δν2 = −3 C2 emissions. Therefore, only the NH2 profile de-
rived from the (0, 8, 0) band will be used for the gas anal-
ysis of the coma of Comet Lee. The corresponding g-factor
is 3.63 × 10−15 erg s−1 mol−1 according to Tegler & Wyckoff
(1994), or 7.79 × 10−15 erg s−1 mol−1 as inferred from the data
in Table 1 of Kawakita & Watanabe (2002) interpolated at
rh = 0.98 AU (heliocentric distance of Comet Lee during our
observations).

The CN emission bands in the red system are strongly
peaked, with well-defined boundaries and good contrast with
respect to the continuum. Thus, their extraction from the
cometary gas spectrum is straightforward according to the
ranges listed in Table 2. The column densities for each band are
derived making use of the g-factors adopted from Fink (1994)
and also listed in Table 2.

We have tried to fit the CN and NH2 column density pro-
files derived from each band in the east-west direction un-
der the assumption of constant production rates, i.e. a steady
state model, by applying the Haser modeling (Haser 1957)
with parent expansion velocities given by the expression vp =
0.86× r−0.4

h km s−1 (Biver et al. 2000), while vd is held constant
and equal to 1 km s−1 for both CN and NH2. The Haser equiva-
lent (see Combi & Delsemme 1980) scalelengths (lp, ld) best
fitting the column density profiles are (48 500, 255 000) km
for every CN profile. The obtained CN production rates are
listed in Table 2. In the case of NH2, a theoretical profile ob-
tained with lp = 7500 km, ld = 70 000 km, and production
rate (5.52 ± 0.03) × 1027 s−1 (if the g-factor is from Tegler &
Wyckoff 1994) or (1.18 ± 0.01) × 1027 s−1 (if the fluorescence
factor is from Kawakita & Watanabe 2002) best resembles the
observations. Figure 4 shows the observed profiles in the east-
west direction together with the theoretical profiles best repro-
ducing the observed ones.

3.2.2. H2O

The water production rate is derived from the flux measure-
ment of the forbidden O1D line at 6300 Å. This oxygen line,
and the one at 6364 Å, are not produced by resonance fluo-
rescence, but by the prompt emission produced by the pho-
todissociation of H2O, which directly populates the OI(1D)
and OI(3P) states. The reported branching ratio to that chan-
nel (8.2% by Festou & Feldman 1981 and 8.3% by Budzien
et al.1994) probably has an uncertainty of 20–30%. Due to its
short lifetime (∼110 s), the O1D flux profile faithfully traces
out the H2O parent molecule distribution, and its emission is
comparatively narrow. From the total luminosity L (in pho-
tons s−1 m−2) at 6300 Å, and integrating the spectrum of Comet
Lee along the full spatial slit length (i.e. ≈1×105 km), we have
derived a H2O production rate of (1.22 ± 0.7) × 1029 s−1 for a
branching ratio of 8.3% in the process H2O+hν→ O(1D)+H2

at λ < 1360 Å.

3.2.3. CI

The abundance of carbon atoms in the metastable 1D state near
the cometary nucleus provides information on one of the main
sources of carbon in the cometary coma. The prompt emission
of the 1D–3P doublet takes place at 9823/9850 Å. The 1D state
of carbon is metastable, with a lifetime of 4077 s (Hibbert
et al. 1993), likely produced by CO photodissociation (Tozzi
et al. 1998). At the available spectral resolution (FWHM = 2 Å),
we have searched for the C(1D) doublet at 9823 and 9850 Å.
No clear spectral feature was found in the inner coma (ρ ≤
12 250 km, i.e. one “scale length” assuming τ ≈ 4077 s and
vd ≈ 3.9 km, Huebner et al. 1992) at any of these wavelengths.
A 3σ flux upper limit for the doublet 9823/9850 Å has been
computed to be (4.56 ± 0.52) × 10−17 erg cm−2 s−1.

3.2.4. Dust brightness profiles

The two dimensional cometary dust spectrum has allowed us
to study the behavior of the dust and of its color as a function
of ρ. Three continuum regions at 6250 Å, 7230 Å and 8900 Å
can be selected for the study of the cometary dust. Figure 5
shows the brightness profiles derived from the spectrum for the
continua centered at 6250 Å and 8900 Å. All of these profiles,
either in east or west direction, can be adequately fit by the law
log B ∼ −m log ρ with m ∼ 1 (see Table 3). This is con-
sistent with a steady state coma for a constant dust production
rate and long-lived grains expanding radially outward, where
the spatial number density should decrease as r−2, where r is
the nucleocentric distance. Consequently, the projected surface
brightness would decrease as ρ−m with m = 1.

3.2.5. A f ρ

Estimates of the dust production in comets are usually made
by means of the parameter A(θ) fρ (A’Hearn et al. 1984). The
expression to compute the equivalent radius ρ of a rectangular
aperture (as used in our observations) is taken from Roettger
(1991), yielding 2.′′35 (i.e. 2040 km at the comet distance).
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Fig. 4. CN and NH2 column density profiles of Comet Lee (dots) in the east-west direction. The solid lines represent the results obtained by
means of the Haser model with equivalent scalelengths and production rates listed in Table 2 for CN (1–0) and as mentioned in the text for NH2.

Fig. 5. Brightness profiles of Comet Lee in two different continuum regions. The profiles were obtained from the median averaged spectrum in
the east-west direction, representing approximately the sun-tail direction. The surface brightness, B, is plotted against the projected radius, ρ
in double logarithmic representation. Dots represent the observed profiles and the solid lines are the best fits verifying d(log B)

d(log ρ) = −m starting at
log ρ ≥ 3.2, with slopes listed in Table 3.

Table 3. Slope of linear fits in Fig. 5.

Spectral range Slopea

(Å) West East
6231–6267 (6250) 1.16 ± 0.03 0.978 ± 0.010
6800–6900 (6850) 1.20 ± 0.03 0.966 ± 0.006
7188–7266 (7230) 1.19 ± 0.03 0.917 ± 0.006
8866–8942 (8900) 1.00 ± 0.02 0.718 ± 0.008

a Linear fit for the region 3.2 ≤ log ρ ≤ 4.6 (i.e. 1600 ≤ ρ ≤
40 000 km).

From the flux in the continuum (6800–6900 Å), we have calcu-
lated A(θ) fρ = 496 cm, below the upper limit computed from
the broadband images in R Bessel and Gunn i, as expected.

Following A’Hearn et al. (1995), the gas-to-dust mass ratio
can be evaluated by

log

(
Mgas

Mdust

)
= log [Q(OH)/A fρ] − 25.4. (1)

According to this expression, and considering the simultane-
ous QOH (direct observations by Feldman et al. 1999 at 3085 Å
and by Biver et al. 2000 at 18 cm or derived from water pro-
duction rates as 0.90 × QH2O, this work and Neufeld et al.
2000) and the A fρ parameter here presented (∼500 cm), the
gas-to-dust mass ratio is bracketed between 6.5 and 11.7 at
rh = 0.98 AU.

3.2.6. Dust color

As the long-slit spectrum covers a wide wavelength range, and
contains spatial information in approximately Sun-tail direc-
tion, the color of the cometary dust vs. the projected come-
tocentric distance ρ can be easily derived. The bandpass rep-
resenting continuum emissions are listed in Table 3. After
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Fig. 6. Color of the dust in the coma of C/1999 H1 (Lee) in the west (solid line) and east (dotted line) direction as computed from Eq. (1) for
8400 ≤ λL ≤ 8500 Å and 6800 ≤ λS ≤ 6900 Å. Note the increasing reddening of the dust at ρ ≥ 10 000 km in both directions. At larger
cometocentric distances, the differences in east-west direction cannot be attributed to significant variations in the physical and/or chemical
properties of the cometary dust since at ρ > 30 000 km the error due to the contribution of the sky is getting larger.

re-centering the spectrum at each wavelength range at the op-
tocenter as determined by fitting a one-dimensional Gaussian
to the inner part of the coma, the intensity peaks are all located
within a fraction (∼0.2) of a pixel, and the color of the dust is
computed as

CS−L = ln

(
FL

FS

)
(2)

where FS , FL are the averaged reflected flux of the cometary
dust, as a function of ρ, in the shorter and the longer wave-
length ranges, respectively (see Kolokolova et al. 2001).

Regardless of what the continuum bandpass we consider,
the color of the dust is rather constant at every ρ in the east
and west direction as shown in Fig. 6. In both directions, there
seems to be a slight reddening of the cometary dust at in-
creasing ρ from the nucleus. By averaging the cometary emis-
sion in two spectral regions free of gas contamination (i.e.
λL = (8450 ± 50) Å and λS = (6850 ± 50) Å), we have
also computed an intrinsic reddening of the dust of ∼9% per
1000 Å.

3.2.7. Size distribution and composition of the dust
grains

Given this steady behavior of the dust color and of the canoni-
cal log B ≈ −1 log ρ indicating that the dust grains are long-
lived while traveling outward, we have tried to obtain some
approximate information on the size distribution and likely
composition of the dust grains by applying simple Mie-
scattering theory (Bohren & Huffman 1983) to a log-normal

size distribution (see Hansen & Travis 1974) of homogeneous
spherical particles:

n(a) =
1

(2π)1/2σm

1
a

exp

[
−(ln a − ln am)2/

(
2σ2

m

)]
. (3)

By varying the mean radius am, the width of the distributionσm

and the optical constants (i.e. the complex refractive index
m = n− ik), we have found that the best agreement (see Fig. 7)
between observations and computations is reached for an en-
semble of particles whose mean radius is 1 μm, σm = 1.5,
with a complex refractive index representative of a mixture
of silicates (i.e. modified astronomical silicate) and icy grains
(m = 1.33−0i).

4. Discussion

The analysis of CCD images and of long-slit spectra of
Comet Lee in the red branch of the spectrum has provided
morphological and compositional information on the coma of
another long-period comet recently visiting the inner Solar
System.

The morphological analysis has been carried out on broad-
band images. Regarding the dust, besides the spherical coma
no other dust features have been found. However, the exis-
tence of ion rays becomes quite clear after applying enhance-
ment techniques. These ion rays are mainly produced by the
line doublet at 6198 and 6200 Å of the (0, 8, 0) transition of
the Ã2A1−X̃2B1 electron system of H2O+. Being usually pro-
duced in pairs on either side of the tail at a quite large angle
of ∼45◦ or more, they converge to the tail axis in a relatively
short time (∼30−60 min) From the first to the last comet im-
age in R Bessel on June 6, 1999, obtained 45 min apart, there
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Fig. 7. Comparison between the observed light scattered by the cometary dust in C/1999 H1 (Lee) and that computed by means of the
Mie-scattering theory. Data and theoretical results are normalized at 6805 Å. Asterisks refer to observations and diamonds to Mie-theory
computations.

was a variation in the position angle of the two most prominent
ion rays in ∼3◦. The lack of images acquired with interference
filters (CN, C2, C3, OH, etc.) does not allow us to ascertain
whether other gas structures are superimposed to the spherical
coma. Furthermore, neither the CN nor the NH2 column den-
sity, as derived from the east-west profiles in every band, show
any noticeable asymmetry in that particular direction. There is
a slight overabundance of NH2 to the west at cometocentric
distances lower than ∼20 000 km.

The CN band complex gives relatively consistent results, as
seen in Table 2. The production rate derived from the CN (3–1)
band is higher than that derived from the other bands, whereas
that deduced from the (2–1) band is much lower. As men-
tioned by Fink (1994), the CN system is mixed with a number
of highly variable H2O bands. More concisely, the CN (2–0)
band lies just to the redward continuum region of a strong tel-
luric water band. Furthermore, the published fluorescence ef-
ficiencies or g-factors might be affected by an overall uncer-
tainty of ≤20% (Fink 1994). The average CN production rate
is (3.13 ± 0.51) × 1026 s−1, whereas discarding the highest de-
rived CN production rate gives an average value of (2.92 ±
0.34) × 1026 s−1. In both cases, the error is approximately
≤16%, that is, QCN can be considered as realistic within the un-
certainties derived from the inaccuracy of the g-factors and the
calibration errors (note that the airmass of the comet spectrum
was very high and that the flux calibration might have suffered
from this). The required CN parent Haser equivalent scale-
length to fit the observational data (i.e. 48 500 km) together
with the assumed parent expansion velocity (∼0.86 km s−1)

indicates that the lifetime of the CN parent at 1 AU is in the
order of 55 000 s, very close to the value deduced by Biver
et al. (2000) for the inverse of the HCN photodissociation rate
at 1 AU (2.0 × 10−5 s−1) for a moderate to high solar activity.
Moreover, the fact that the QCN presented here and the QHCN

obtained by Mumma et al. (2001) are very similar seems to sup-
port the idea that the observed CN might arise only from HCN,
and that it is not necessary to invoke the presence of extended
sources or other parent molecules beside HCN to explain the
CN abundance in the coma of Comet Lee.

The water production rate derived in this work, (1.22 ±
0.70) × 1029 s−1, can be considered as compatible with other
published measurements from OH measurements at 18 cm
and/or 3085 Å. Simultaneous to our optical observations,
Comet Lee was observed by Biver et al. (2000) in the millime-
ter range as part of a campaign from May 4 to October 26,
1999. The 18 cm OH lines in the comet were detected on a
daily basis at the Nançay Radio Telescope. From 4 transits
on 06/04.65–08.63 UT, Biver et al. (2000) deduced an aver-
age OH production rate of (8.8 ± 0.7) × 1028 s−1. Assuming
an H2O → OH branching ratio of 90%, the H2O production
rate is 1.1 × QOH, that is ∼9.7 × 1028 s−1. For the same date,
Feldman et al. (1999) from the OH emission in the UV at
3085 Å deduced a water production rate equal to 1.5×1029 s−1,
higher by ∼55%. Considering the water production rate de-
rived in this work, and that the CN is solely produced by
HCN with a branching ratio of 100%, we derive a value for
HCN/H2O of 0.25%, slightly higher than the value deduced
by Biver et al. (2000) from simultaneous observations of OH
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(and thus H2O) and HCN (i.e. 0.11 ± 0.02%). Also, this
HCN-to-H2O ratio is about the maximum found by Biver et al.
(2002) from a sample of 24 comets studied at radio wave-
lengths, that were similar to the HCN enriched 109P/Swift-
Tuttle or C/1999 O1 (Hale-Bopp). These reported discrepan-
cies (0.25% versus 0.11%) may be due to several factors: (i)
Biver et al. (2000) millimeter observations point to a lower gas
activity, either in H2O or HCN, and this is more noticeable in
the case of HCN whose production rate is 3 times lower than
the one obtained here from the CN red system, (ii) the uncer-
tainties in the flux calibration of the spectra and in the g-factors
of the CN red system, (iii) the systematic differences associ-
ated with the Haser modeling, and (iv) the well known discrep-
ancy in the H2O water production rate when derived from the
OH mm and 18 cm lines, and OH in the UV or from OI(1D)
emission at 6300 Å. Thus, HCN/H2O ∼ 0.27% with a 22% un-
certainty. On the other hand, this hydrogen cyanide-to-water ra-
tio drastically decreases if the Submillimeter Waver Astronomy
Satellite (SWAS) measurements (Neufeld et al. 2000) are con-
sidered, as the H2O production rate is 50% higher with respect
to Nançay data (radio observations of hydroxyl molecules).

The non-detection of the CI(1D) doublet at 9823/9850 Å
might arise from the fact that C/1999 H1 (Lee) shows a notice-
able depletion in CO as compared to other long-period comets.
More concisely, the CO/H2O is 5–10 times lower than that ex-
pected for similar comets (Mumma et al. 2001). Biver et al.
(2000) could only set an upper limit for the CO production on
UT June 06.1, QCO < 5.60 × 1027 s−1, whereas on UT August
24.8 QCO = (2.6 ± 0.8) × 1027 s−1, meaning CO/H2O ∼ 1.8%.
By considering these production rates, CI(1D) column densities
profiles can be computed and thus, the energy flux as a function
of ρ. For a CO lifetime as the inverse of the photodissociation
rate for high solar activity (J = 1.21×10−6 s−1), CO ejection ve-
locity of 0.86r−0.4

h km s−1, CI(1D) excess velocity of 3.9 km s−1

(Huebner et al. 1992) and lifetime ∼4000 s, the vectorial mod-
eling (Festou 1981) predicts CI column densities ranging from
2.29 × 1010 cm−2 and <1.77 × 1011 cm−2 at ρ ∼ 10 000 km,
depending on the assumed CO production rate. Taking into
account that the transition probability for the forbidden line
1D2−3P2 (9850 Å) within the ground state configuration of CI
is 1.8 × 10−4 s−1 (Czyzak & Poirier 1985; Hibbert et al. 1993;
Tozzi et al. 1998), these CI(1D) column densities would result
into 1.7×10−18 erg cm−2 s−1 and <1.3×10−17 erg cm−2 s−1, be-
low the 3σ flux upper limit measured in our observations. The
CO production rate on June 6, 1999 as derived from the 3σ up-
per limit of CI infrared doublet, is ≤5.75×1028 s−1, an order of
magnitude higher than previous determinations by Biver et al.
(2000).

Spectroscopic observations of NH2 give hints on the am-
monia abundance in comets. The photolytic reaction for pho-
todissociation of ammonia NH3 + hν → NH2 + H has a 95%
quantum yield. Therefore, provided that NH3 is the dominant
source of NH2, the abundance of the latter is essentially a direct
measurement of the ammonia abundance in comets. However,
as Meier et al. (1994) have noted, the NH3/H2O deduced from
spectroscopic measurements of NH2 gives systematically very
low, i.e. in a factor of ∼2, ammonia-to-water ratios or present
considerable scatter. The ammonia measurements carried out

in situ for comet P/Halley by the Giotto spacecraft indicate
that this discrepancy can be as high as one order of magni-
tude. The ammonia-to-water abundance for Comet Lee ranges
from ∼1% to ∼4% depending on the considered g-factors,
viz. those given by Kawakita & Watanabe (2000) or Tegler &
Wyckoff (1989) corrected according to Arpigny (1995), respec-
tively. This ammonia-to-water ratio is slightly higher than the
QNH3/QH2O reported for other long-period comets, either old
or dynamically new (see Feldman et al. 1993), placing the ratio
between 0.4% and 0.8% within a factor of 2, and more recently
for Comet Hyakutake (0.3%) derived by Palmer et al. (1996),
whereas it is closer to the estimates in Meier et al. (1994) from
the Giotto flyby measurements and to the predictions by gas
coma photochemical models (Allen et al. 1987).

Our estimate of the gas-to-dust mass ratio indicates that
C/1999 H1 can be considered as a relatively dust poor comet.
The behaviour of the dust grains, as deduced from the study of
the log B vs. log ρ points to a steady-state and isotropic out-
flow of the solid cometary component composed of long-lived
grains. The quantitative composition and size distribution of
these grains can be inferred from Mie-scattering modeling. The
observed spectrum in the range 6000–10 000 Å can be fitted by
a dust grain population of silicates and icy grains whose mean
radius is ∼1 μm. Some discrepancies between observations and
modeling are seen beyond 8700 Å likely due to the use of con-
stant (i.e. non-wavelength dependent) refractive index of the
dust material. For our spectroscopic range, the real part of the
complex refractive index for representative cometary material
can be considered constant with wavelength, whereas the imag-
inary part shows noticeable variations not taken into account in
our computations. Regardless of what the continuum bandpass
we consider, the color of the dust is almost constant at every ρ
in east and west direction, only showing a steady reddening at
increasing ρ from the nucleus in both directions. At distances
higher than 25 000 km, the differences between the east and
west direction are likely due to the approximate 2D sky subtrac-
tion and not to real east-west differences in the dust population.

Although Comet Lee was not extensively monitored, the
available observations of this comet have provided us with
a new opportunity for studying the behaviour of another
long-period comet lately visiting the inner Solar System. From
a general point of view, Comet Lee, C/1999 H1 can be con-
sidered as a rather depleted CO comet, whereas it is consid-
erably abundant in CH3OH according to Biver et al. (2000).
In this respect, comet C/1999 H1 is intrinsically different
from C/1995 O1 (Hale-Bopp) and C/1996 B2 (Hyakutake), al-
though the three comets are thought to have a common ori-
gin. Regarding carbon-chain species, the abundance of ethane
and acetylene with respect to that of water, (∼0.6 and ∼0.3,
respectively) is much the same for the three comets (Mumma
et al. 2001). The optical data obtained at ESO also allow us
to compare Comet Lee with some of the comets presented
in the surveys by A’Hearn et al. (1995) and Fink & Hicks
(1996). Comparison of the log of the production rates ratios CN

OH

and A fρ
OH for comet C/1999 H1 with the values for the restricted

data set in Table 4 of A’Hearn et al. (1995) indicates that
Comet Lee is similar to periodic comets 23P/Brorsen-Metcalf,
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6P/d’Arrest or 2P/Encke and to long period comets such as
Okazaki-Levy-Rudenko (C/1989 Q1), Thiele (C/1985 T1) or
Sugano-Saigusa-Fujigawa (C/1983 J1). It should be noted that
the previously mentioned comets all bear the characteristic of
being “typical” within the taxonomy introduced by A’Hearn
et al. (1995), that is, log Q(C2)

Q(CN) ≥ −0.18, and for all of them
this ratio lies between –0.09 and 0.29. This characteristc also
seems to be present in Comet Lee as log Q(C2)

Q(CN) ∼ 0.28, that is,
the abundance of carbon-chain species (C2) can be considered
as typical, assuming that either acetylene or ethane are the only
precursors of C2 with 100% efficiency.

Similarly, of the 39 comets surveyed by Fink &
Hicks (1996), comet C/1999 H1 resembles comets
73P/Schwassmann-Wachmann 3 or 2P/Encke in terms of
CN to H2O relative abundance. Comparison of the NH2

content versus H2O in the same database is more uncertain
given the new results on the g-factors by Kawakita & Watanabe
(2002). Previous studies (Fink 1994; Fink & Hicks 1996; Hicks
& Fink 1997; Fink et al. 1999) showed that there is some de-
pendency on the heliocentric distance for the NH2 abundance;
namely, the NH2-to-H2O ratio becomes larger for larger rh.
The new determination of the NH2 fluorescence efficiency
(as a function of rh) removes this dependency, giving rise to
NH2-to-H2O ratios nearly constant within the range from 0.5
to 3 AU. Basing our comparison on the NH2 production rates
derived by means of the most recent g-factors (i.e. Kawakita
& Watanabe 2002), the NH2/H2O, and thus ammonia-to-water
ratio, in comet C/1999 H1 (Lee) is ∼1%, consistent with what
was found for 1P/Halley, C/1996 B2 (Hyakutake) and C/1996
O1 (Hale-Bopp), that is, 0.5%, 0.6% and 1.5%, respectively.

5. Summary

Long-slit spectrophotometric observations of Comet Lee
(C/1999 H1) were acquired on June 6, 1999. For slit acquisition
and pointing purposes, several comet images were obtained
with R Bessel and Gunn i filters. The morphological anaylsis
of these images has unveiled the presence of two pairs of ion
rays slowly converging to the tail axis during the 45 min the
comet was imaged. As the comet was not observed in interfer-
ence filters, the existence of dust and/or neutral gas structures
cannot be ascertained.

CN and NH2 column densities have been derived from the
long-slit spectra. The QCN and QNH2 production rates have been
obtained by means of the Haser model yielding to ∼3×1026 s−1

and ∼1 × 1027 s−1, respectively. The water production rate
QH2O ∼ 1.22 × 1029 s−1, inferred from the luminosity of the
OI(1D) line at 6300 Å is in reasonable agreement with values
reported by Biver et al. (2000) and by Feldman et al. (1999)
on the same date. The CI(1D) doublet at 9823/9850 Å, indica-
tive of the CO abundance in C/1999 H1, has not been un-
doubtedly detected, only 3σ upper limit flux emission ∼4 ×
10−17 erg cm−2 s−1, that is QCO < 5.78 × 1028 s−1, has been
inferred. The ratios of HCN and NH3 to H2O are ∼0.28% and
∼1%, in agreement with what has been obtained for other long-
period comets.

The A fρ parameter, a measure related to the dust produc-
tion rate, is relatively low (∼500 cm) allowing us to classify

this comet as a poor dust comet with a gas-to-dust mass ratio
in the range between 6 and 12 depending on the measurements
that provide the OH (and thus, water) production rate. The dust
brightness profiles in east-west direction do not deviate from
the canonical law log B ∼ m log ρ with m = 1.01 ± 0.16,
whereas the dust slightly reddens with distance from the nu-
cleus. The dust grain population can be characterised by a rela-
tively broad size distribution whose solid particles have a quite
common mean radius of 1 μm and are composed of a mixture
of silicates and icy grains.

Although the organic volatile composition of the long pe-
riod comet C/1999 H1 (Lee) very much resembles that of
other long period comets (such as Hyakutake or Hale-Bopp)
pointing to a common origin and/or evolution, other peculiar-
ities are also present in some Jupiter family comets such as
2P/Encke, 6P/d’Arrest or 73P/Schwassmann-Wachmann 3, or
in 1P/Halley, a long-period and dynamically old comet. For a
more meaningful characterisation of comet Lee, a wider cov-
ering of its behaviour as a function of the heliocentric distance
would have been desirable. However, given the available in-
formation and in the current state, Jupiter family comets with
likely origin in the Kuiper Belt, Halley-type comets and long-
period comets presumably coming from the Oort Cloud do not
show clearly distinct compositions.
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