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Ethane (C2H6) was detected in Comet C/1995 O1 Hale–Bopp
on 13 dates between UT 1996 September 20.3 (Rh= 3.01 AU pre-
perihelion) and 1997 September 25.7 (Rh= 2.83 AU post-perihelion)
using high-resolution infrared spectroscopy. Production rates and
rotational temperatures were measured, and the derived heliocen-
tric dependence for ethane production was Q = (5.52± 0.20) ×
1028 [R(−2.43±0.13)

h ] molecules s−1. The spatial distribution of C2H6
molecules in the coma was consistent with all ethane being released
directly from the nucleus, although the possibility that a small
fraction was released as a distributed source cannot be excluded.
When our derived production rates for ethane, water, and acety-
lene (C2H2) are compared, we obtain an average relative abundance
of C2H6/H2O= (6.23± 0.42)× 10−3, and C2H6/C2H2= 2.4± 0.7.
The high ethane abundance relative to acetylene in Hale–Bopp sug-
gests its ices were altered by radiation processing and/or hydrogen-
atom addition reactions on the surfaces of ice-mantled grains in the
natal cloud. These results are not consistent with ices in Hale–Bopp
originating in a thermally or chemically equilibrated region of the
solar nebula. c© 2001 Academic Press

Key Words: comets, Hale–Bopp; composition; infrared observa-
tions; ethane.
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1. INTRODUCTION

Comets are volatile-rich, relatively unaltered remnants fr
the birth of the Solar System, whose chemical compositions
reflect conditions in their formative regions. Conditions w
likely quite diverse in the early solar nebula, since temperat
and radiation doses should have varied significantly with
tance from the young Sun. Beyond Neptune, the great dist
from the Sun and the large amount of intervening nebular
terial should have offered protection against extensive the
and radiation processing. Hence, comets formed in the Ku
belt may contain primarily unmodified interstellar ices. Ho
ever, ices in the giant planets’ region were subjected to m
intense radiation doses and to higher temperatures (mid-p
temperatures ranged from∼150 K near Jupiter to∼40 K near
Neptune). Comets formed there may possess diverse chem
reflective of their individual processing histories. Knowledge
cometary composition is essential for constraining physical
chemical conditions in the early solar nebula, and it thus fo
a central problem in cometary science.

The volatile composition of the nucleus has generally b
inferred from the spectral signatures of gases forming the co
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ETHANE IN COM

While dissociation fragments have been studied for nearly o
hundred years, it is often difficult to deduce their parent spec
Prior to 1985, CO was detected in two comets at ultravio
wavelengths (West 1976 VI and Bradfield 1979 X; cf. Feldm
1983); however, CO can also be produced both as a parent
dissociation fragment. The direct study of other parent volat
became possible with the detection of HCN (Despoiset al.1986,
Schloerbet al.1986) and H2O (Mummaet al.1986) in Comet
Halley. Improvements in astronomical capabilities since Co
Halley have permitted detection of an increasing numbe
species, with more than two dozen parent volatiles being ide
fied in the exceptionally bright Comet Hale–Bopp (cf. Crovis
1998).

Close spacecraft encounters with Comet Halley also gre
increased our knowledge of the volatile content of the coma
the nucleus. The neutral gas mass spectrometer (NMS) ab
Giottoprovided measurements of several native species, inc
ing a recent retrospective identification of ethane (Eberh
et al. 1987, Eberhardt 1999). The IKS infrared spectrome
on the Vega 1spacecraft achieved detections of H2O, CO2,
H2CO, and possibly CO (Combeset al. 1986, 1988; Mumma
and Reuter 1989). IKS also detected a spectral signature i
region 3.2–3.6µm attributed primarily to C–H stretching vibra
tions in one or more organic compounds (Combeset al.1988).
The PIA/PUMA dust composition analyzer discovered a pop
tion of dust particles composed of an organic material contain
carbon, hydrogen, oxygen, and nitrogen (CHON grains; Kis
et al.1986, Jessbergeret al.1988), leading Greenberg and Ha
(1990) to suggest fluffy organic grains as a source for theX–CH
emission feature. However, increasing evidence suggests
this feature is composed primarily of infrared fluorescence fr
volatile species (e.g., CH3OH, C2H6, CH4, OH) (Hobanet al.
1991; Reuter 1992; Bockel´ee-Morvanet al.1995; Mummaet al.
1996, 2001a).

The detection of methanol (CH3OH) in Comet C/1989 X1
Austin (Hobanet al. 1991, Bockel´ee-Morvanet al. 1991) and
the subsequent modeling of itsν2, ν3, and ν9 bands (Reute
1992) showed that methanol could contribute some (but no
of the integrated flux measured in theX–CH feature. Presum
ably, emissions due to gas phase fluorescence from other or
species were also present, but detecting, isolating, and q
tifying other contributing species was problematic at the l
spectral resolution then available. Observations of other com
supported the view that gas phase fluorescence was prim
responsible for the bulk of theX–CH emission, but the relativ
contribution of thermal emission from organic grains remain
an open question (DiSantiet al. 1995, Bockel´ee-Morvanet al.
1995 and references therein).

With recent instrumental advances, ground-based studie
now be done with greater sensitivity and higher spectral re
lution. High-resolution (λ/1λ>104) infrared spectroscopy en
ables individual ro-vibrational lines to be resolved and differ

tiated from telluric absorptions, other molecular emissions, a
the continuum, making accessible species that are not observ
ET HALE–BOPP 163
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with low resolution. The discovery in Comet Hyakutake of m
thane (CH4), ethane (C2H6), and acetylene (C2H2) (Mumma
et al. 1996, Brookeet al. 1996) established the importance
these symmetric hydrocarbons in comets. The spectra sho
that CH4 and C2H6 can contribute to theX–CH feature (along
with CH3OH and possibly organic grains) and are thus key
interpreting low-resolution spectral data. Moreover, their ab
dances provide crucial information on the link between int
stellar and cometary ices (cf. Mumma 1997).

The apparition of the bright Comet C/1995 O1 Hale–Bo
provided an opportunity to track cometary activity as a fun
tion of heliocentric distance, and to study the release of vola
species. Here, we report a comprehensive study of ethan
lease in Comet Hale–Bopp, within 3.01 AU of the Sun. T
high spectral resolution of our data allows the determination
C2H6 rotational temperatures and production rates through
detection of multipleQ-branches in theν7 band near 3.35µm.
The high spatial resolution of our measurements helps revea
connection between the distribution of C2H6 vapor in the coma
and its presence as a native ice in the nucleus. Our analysis s
that C2H6 was present in Hale–Bopp with a high abundance re
tive to C2H2 and CH4, and that most (if not all) of it was release
directly from ices in the nucleus on the dates studied. We
comment on the nondetection of ethylene (C2H4) and propane
(C3H8) in Hale–Bopp.

2. OBSERVATIONS AND DATA ANALYSIS

Multiple Q-branches from theν7 band of C2H6 were de-
tected on 13 dates between UT 1996 Sep. 20.3 (Rh= 3.01 AU
pre-perihelion), and UT 1997 Sep. 25.7 (Rh = 2.83 AU post-
perihelion) in Comet Hale–Bopp (Table I; Figs. 1, 2, 3). Etha
was searched for on UT 1996 June 12.6 (Rh= 4.12 AU), and
an upper limit was determined. We used the cryogenic ech
spectrometer (CSHELL) at the NASA Infrared Telescope Fac
on Mauna Kea, Hawaii (Greeneet al. 1993). CSHELL has a
256× 256 pixel InSb array detector with a pixel size of 0
arcsec, and provides spatial coverage along the 30-arcsec
slit, which we oriented east–west. A 1-arcsec-wide slit was u
for our comet observations leading to a spectral resolving po
λ/1λ ∼ 2× 104. At each grating setting, cometary data we
acquired using a sequence of four scans (ABBA, where A =
source andB = sky), with an integration time of two minutes o
source per scan sequence. Sky spectra were obtained by no
the telescope 2 arcmin from the source, providing sky cance
tion via pixel-by-pixel subtraction. Flat-fields and dark fram
were obtained immediately following each scan sequence.
each grating setting, spectra of infrared standard stars were
tained through a 4-arcsec-wide slit for absolute flux calibrat
of the comet spectra.

Although prodigiously bright, Comet Hale–Bopp was ge
erally available only during daylight hours when variations

nd
able
atmospheric seeing and the inability to track the comet with
the telescope’s autoguider significantly decreased our observing
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TABLE I
CSHELL C2H6 Observations in Comet C/1995 O1 Hale–Bopp

Rh 1 1̇ C2H6 Q-branches
UT date (AU) (AU) (km s−1) PAa βb targetedc

1996 Jun 4.11 3.19 −31.0 246 7 RQ0, PQ1

12.6d

1996 Sep 3.01 2.93 +9.7 91 19 RQ0, PQ1

20.3
1996 Dec 2.02 2.83 −18.0 31 13 RQ0, PQ1

11.1
1997 Jan 1.49 2.20 −32.6 336 22 RQ0, PQ1

21.8
1997 Feb 1.11 1.57 −29.1 327 39 RQ0, RQ1, RQ3, RQ4

24.0 PQ1, PQ3, PQ4

1997 Apr 0.92 1.40 +18.4 36 46 RQ0, PQ1

6.2
1997 Apr 0.92 1.42 +20.1 40 45 RQ0, RQ3, RQ4, PQ1

8.1
1997 Apr 0.93 1.43 +20.9 42 44 RQ0, RQ1, RQ2, RQ3, RQ4

9.0 PQ1, PQ2, PQ3

1997 Apr 0.93 1.44 +21.9 44 43 RQ0, PQ1

10.2
1997 Apr 1.05 1.75 +29.7 75 31 RQ0, RQ1, RQ2, RQ3, RQ4

30.0 PQ1, PQ2, PQ3

1997 May 1.06 1.77 +29.7 76 30 RQ0, RQ1, RQ2, RQ3

1.2 RQ4, PQ1

1997 Aug 2.24 2.91 +8.7 220 17 RQ0, PQ1

7.9
1997 Aug 2.25 2.91 +8.6 221 17 RQ0, PQ1

8.8
1997 Sep 2.83 3.09 +5.7 253 19 RQ0, PQ1

25.7

a Position angle (degrees) of the extended radius vector in the anti-sol
rection projected onto the sky plane and measured eastward from north.

b Sun–comet–Earth angle (degrees). On all dates spanning our Hale–Bo
servations,β was slightly acute; thus the anti-solar direction was largely aw
from the observer.

c RQ3 Q-branch is blended with methanol and OH emission, so it was
used for quantitative analysis.

d C2H6 was searched for but not detected.

efficiency. Tracking rates were checked and updated by ta
images of the comet through a circular variable filter at 3.5
2.2 µm before and after each sequence of scans. Defocu
can occur if sunlight strikes the telescope structure, so fo
was also checked and updated regularly using a star clo
the comet. These factors (and perhaps other unrecognized
influenced not only the observing efficiency, but also the qua
of the data inside the region affected by “nonideal” observ
conditions (Dello Russoet al. 2000). The quality of observin
conditions can be estimated and monitored by periodically
taining a point spread function (PSF) of a star. For our obse
tions, the full-width at half-maximum (FWHM) of a stellar PS
was typically∼1–2 arcsec and it generally varied within a sing
date.

The data were processed using algorithms specifically

lored to our comet observations. Step-wise application of the
has been presented (Dello Russoet al.1998, Magee-Saueret al.
SO ET AL.
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1999, DiSantiet al. 2001). Initial processing included fla
fielding, removal of high dark current pixels and cosmic ray h
and registration of spectral frames such that the spectral dim
sion falls along a row and the spatial dimension is orthogo
to this (Fig. 1A). Spectra can then be extracted over any des
spatial extent and position along the slit (Fig. 1B). Atmosphe
models were obtained using the Spectrum Synthesis Prog
(SSP) (Kunde and Maguire 1974), which accesses the HITR
1992 Molecular Data Base (Rothmanet al.1992). SSP models
were used to assign wavelength scales to the extracted sp
and to establish absolute column burdens for each significan
sorbing species in the terrestrial atmosphere. The fully reso
model was binned to the instrumental sampling interval, c
volved to the resolution of the comet spectrum, and normali
to the cometary continuum (Fig. 1B). Volatile emission featu
were separated from the continuum by subtracting the norm
ized atmospheric model from the comet spectrum row by r
yielding the net cometary molecular emissions still convolv
with the atmospheric transmittance function (Figs. 1C, 1D,
The trueQ-branch flux incident at the top of the terrestrial atm
sphere was obtained from the observed flux by correcting for
monochromatic transmittance obtained from the fully resol
SSP model at the Doppler-shiftedQ-branch position.

3. DETERMINATION OF g-FACTORS AND
ROTATIONAL TEMPERATURES

Production rates may be derived from measuredQ-branch
fluxes if the fluorescence efficiencies (g-factors) and their de-
pendence on temperature are known. For the C2H6 ν7 band, each
Q-branch consists of temperature-dependent lines forJ ≥ K
from two torsional tunneling sublevels. The relative intensit
of individual J-lines within aQ-branch could provide a very
sensitive measure of the rotational temperature; however, t
lines have been fully resolved only in the laboratory using s
Doppler molecular-beam spectroscopy (Pine and Stone 19
In order to deriveQ-branchg-factors, the population distribu
tion of rotational levels in the ground vibrational state must
known. The rotational temperature in the excited state is
termined from the relative emission intensities of the obser
C2H6 Q-branches, and we assume that the rotational temp
ture in the ground and excited vibrational states are equal. F
this assumption, the population distribution of rotational lev
in the ground vibrational state were determined, andg-factors for
individual Q-branches (Table II) were calculated using a sim
temperature-dependent fluorescence model (see Appendi
details).

In our CSHELL comet spectra, the individualJ-lines are
not resolved, so we observe only the composite of allJ-lines
contributing to a givenQ-branch. RelativeQ-branch intensi-
ties are not a very sensitive indicator of rotational tempera
since eachQ-branch reflects a range of energies rather tha

sediscrete value. As a result our derived rotational temperatures
are not well constrained (Table IV). On dates where only the
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FIG. 1. Detection of C2H6 in Comet Hale–Bopp on UT 1997 May 1.2. (A) On-chip spatial–spectral image showing molecular emissions and
continuum. The spatial dimension is along columns and the spectral dimension is along rows. The spatial extent of the image is∼30 arcsec on the sky, with
spatial scale displayed on the left. East is at the top. (B) Flux-calibrated cometary spectral extract (solid curve). The displayed spectral extracthas a spatial extent o
1 arcsec (5 rows) and is centered on the nucleus. EthaneRQ0 andPQ1 emissions are clearly seen above the optimized atmospheric model spectrum (dotted

(C) The residual spectral image shown in (A) after removal of the dust continuum via row-by-row scaled subtraction of the atmospheric model. (D) Flux-calibrated

.0
residual spectral extract. The displayed residual spectrum has a spatial ex

RQ0 and PQ1 Q-branches were detected, a rotational temp
ature could not be derived, so a reasonable rotational tem

ature was adopted. On April 6.2 and 10.2, a rotational te
perature of 128 K was adopted based on a weighted ave
tent of 1 arcsec (5 rows) and is centered on the nucleus.

er-
per-
of derived C2H6 rotational temperatures on April 8.1 and 9
(Table IV). On dates whenRh ≥ 1.48 AU, rotational temper-

m-
rage
atures were adopted based on values derived in Biveret al.
(1999) for CH3OH and CO at similar heliocentric distances. The
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FIG. 2. Detection of the C2H6
RQ0 andPQ1 Q-branches in Hale–Bopp on 12 dates. Flux-calibrated residual spectra are obtained by subtracting nor

atmospheric transmittance spectra from cometary spectra containing both continuum and molecular emissions. The displayed spectra were extractedover spatial
extents of 1 arcsec (5 rows) centered on the nucleus. (A) UT 1996 Sep. 20.3. (B) UT 1996 Dec. 11.1. (C) UT 1997 Jan. 21.8. (D) UT 1997 Feb. 24.0. (E
Apr. 6.2. (F) UT 1997 Apr. 8.1. (G) UT 1997 Apr. 9.0. (H) UT 1997 Apr. 10.2. (I) UT 1997 Apr. 30.0. (J) UT 1997 Aug. 7.9. (K) UT 1997 Aug. 8.8. (L) UT

Sep. 25.7. (UT 1997 May 1.2 is shown in Fig. 1D). On dates whenRh ≥ 1.48 AU, the uncertainty is dominated by photon noise, so 1σ error bars are shown on the
right side of the figure. On dates whenRh < 1.48 AU, the uncertainty is dominated by deviations in the synthetic atmospheric model fit, and instrumental effects.
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FIG. 3. Flux-calibrated spectra of Comet Hale–Bopp representing four grating settings that together show the detection of eight C2H6 ν7 Q-branches on UT
1997 Apr. 9.0. Each panel shows cometary continuum and molecular emission (solid curve), a normalized atmospheric transmittance spectrum (dottedurve), and
their difference (residual spectrum multiplied by 4): (A)RQ4 andRQ3, (B) RQ2 andRQ1, (C) RQ0 andPQ1, (D) PQ2 andPQ3. The displayed spectral extracts have

spatial extent of 1 arcsec (5 rows) and are centered on the nucleus (because these spectra are nucleus-centered extracts, differences in flux densities between them

u
g

ssar-
are primarily due to variations in seeing and pointing).

sensitivity of production rates to derived rotational temperat
is modest: A difference of 30 K in rotational temperature chan
the production rate derived from an individualQ-branch by
<20% (Table II). Production rates derived from eachQ-branch

are given in Table III and the results for each date are summ
rized in Table IV.
re
es

4. THE SPATIAL DISTRIBUTION OF ETHANE
IN COMET HALE–BOPP

Measured volatile abundances in the coma do not nece

a-ily correspond to the composition of ices in the comet nucleus,

since coma abundances alone do not reveal how volatiles arrived
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TABLE II
Ethane ν7 Q-branch Positions and g-Factors

ν7 Q-branch Rest frequency (cm−1)a g-factors (10−5 s−1)b

PQ4 2973.47 1.40 (70 K)
1.43 (100 K)
1.39 (130 K)

PQ3 2976.77 2.19 (70 K)
2.07 (100 K)
1.91 (130 K)

PQ2 2980.07 3.08 (70 K)
2.70 (100 K)
2.39 (130 K)

PQ1 2983.38 3.40 (70 K)
2.85 (100 K)
2.46 (130 K)

RQ0 2986.73 3.77 (70 K)
3.19 (100 K)
2.76 (130 K)

RQ1 2990.09 3.04 (70 K)
2.73 (100 K)
2.44 (130 K)

RQ2 2993.48 2.12 (70 K)
2.05 (100 K)
1.92 (130 K)

RQ3 2996.87 1.68 (70 K)
1.79 (100 K)
1.77 (130 K)

RQ4 3000.28 0.90 (70 K)
1.12 (100 K)
1.22 (130 K)

a Values taken from M´elenet al. (1993).
b As a function of temperature forRh = 1 AU (see Appendix).

there. A volatile may sublime directly from ice in the nucle
(native source) or be released in the coma as a distributed so
(whether from grains, as a photodissociation product, or by
tive coma chemistry). Discerning different source contributio
in the coma can reveal information on the physical nature
composition of the cometary nucleus. A more complete conn
tion between nuclear ices and coma gases can be establish
measuring the spatial distribution (or spatial profile) of a spec
in the coma.

Neglecting outflow asymmetries, the column density o
volatile (or dust) sublimed directly from the nucleus (with no a
ditional distributed component) should fall off asρ−1, whereρ
is the projected distance from the nucleus. This is valid as lon
ρ is small compared to the photodissociation scale length of
species. (The photodissociation lifetime of ethane is∼9× 104 s
at 1 AU; hence its scale length is∼105 km in Hale–Bopp near
perihelion.) The spatial profile for a species with a significa
distributed source will be broader, falling off more slowly tha
ρ−1 (e.g., CO, see DiSantiet al. 1999, 2001). However, prop
erties of the comet (e.g., jets), observing conditions, and opt
depth effects (not important for C2H6 in Hale–Bopp) can also

−1
affect profile shapes, causing deviations from aρ distribution
even for purely native species (Dello Russoet al.2000, DiSanti
SO ET AL.
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et al. 2001). We have demonstrated that comparison of spa
profiles for volatile species and dust (measured simultaneou
can provide a means for assessing the presence of a signifi
distributed source. However, such comparisons cannot reli
identify contributions from small distributed sources close
the nucleus (see DiSantiet al. (1999, 2001) Dello Russoet al.
(2000) for detailed discussion).

The spatial resolution afforded by CSHELL allowed the me
surement of spatial profiles for C2H6 (Fig. 4). In general, asym-
metries in spatial profiles are more severe for the dust than
parent volatiles, since outflowing gas is isotropized more eff
tively by collisions than is dust. Comparison of spatial profil
show that on some dates C2H6 and dust outflow seem to trac
one another (e.g. Fig. 4C), while on other dates they differ s
nificantly (e.g., Fig. 4D). Despite relative differences in outflo
of C2H6 and dust on some dates, on all dates their spatial p
files each fall off as approximatelyρ−1 beyond∼1–2 arcsec
from the nucleus (the region within∼1–2 arcsec is affected by
seeing, Fig. 4). This suggests that most if not all ethane is
leased directly from the nucleus in Hale–Bopp on all 13 da
although a small contribution from a distributed source can
be ruled out. An analysis from independent CSHELL obser
tions on UT March 5 (Rh ∼ 1.03 AU) is also consistent with
C2H6 being released directly from ices in the nucleus (Wea
et al. 1999a). Spatial profiles for several other volatile spec
(H2O, CO, HCN, and OCS) were also obtained at infrared wa
lengths in Hale–Bopp. Analyses indicated that H2O and HCN
were primarily released directly from the nucleus, while C
(at Rh ≤ 1.5 AU) and OCS (atRh = 0.95 AU) had significant
distributed source contributions (Dello Russoet al.1998, 2000;
DiSanti et al. 1999, 2001; Magee-Saueret al. 1999; Weaver
et al. 1999a). A comparison of H2O and C2H6 spatial profiles
also suggests a primarily native source for ethane (Fig. 4B)

5. ETHANE PRODUCTION RATES

The high spatial resolution afforded by CSHELL allow
“spherical” production rates for strong emissions to be de
mined at different positions along the slit. For this purpose,
assume all C2H6 is produced at the nucleus and flows outwa
with spherical symmetry and with uniform velocity. A spheric
production rate is determined from the flux contained within
1× 1-arcsec2 box. When this box is stepped at 1-arcsec int
vals along the slit, the sequence of spherical production r
constitutes aQ-curve (Figs. 5A and 5B; also see Dello Rus
et al.1998, 2000; Magee-Saueret al.1999; DiSantiet al.2001).

The production rate (molecules s−1) at a given step is calcu
lated as follows:

Q = 4π12Fi

gi τ (hcν) f (x)
.

The photodissociation lifetimeτ (s) andQ-branchg-factor
−1 −1
gi (photons s molecule ) are both calculated forRh = 1 AU.

1 is the geocentric distance in meters,hcν is the energy (J)
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TABLE III
Derived Line Fluxes and Production Rates for ν7 Ethane Q-Branches in Comet Hale–Bopp

Infrared flux Line flux Q (C2H6)
UT date standard starsa Q-branchb (10−17 Wm−2)d (1028 mol s−1) f

1996 Jun. 12.6 BS 6147 (φ Oph) RQ0+ PQc
1 <0.06e <0.6g

1996 Sep. 20.3 BS 1165 (η Tau) RQ0+ PQ1 0.075± 0.017e 0.29± 0.12g

1996 Dec. 11.1 BS 8551 (35 Peg) RQ0+ PQ1 0.72± 0.11 0.79± 0.20
1997 Jan. 21.8 BS 6707 (ν Her) RQ0+ PQ1 4.18± 0.49 2.15± 0.47
1997 Feb. 24.0 BS 1165 RQ0 10.25± 0.29 4.92± 0.26

RQ0 11.15± 0.31 5.35± 0.28
RQ1 6.68± 0.27 3.92± 0.29
RQ4 3.06± 0.16 5.49± 0.52
PQ1 9.40± 0.27 5.03± 0.26
PQ3 6.49± 0.19 5.22± 0.28
PQ4 3.67± 0.22 4.55± 0.50

1997 Apr. 6.2 BS 2560 RQ0+ PQ1 31.54± 0.76 7.05± 0.71
(15 Lyn)

1997 Apr. 8.1 BS 2560 RQ0 11.48± 0.32 5.10± 0.27
RQ0 15.08± 0.59 6.71± 0.49
RQ0 11.03± 0.33 4.90± 0.27
RQ2 9.08± 0.27 5.79± 0.32
RQ4 5.83± 0.31 5.77± 0.58
RQ4 5.80± 0.23 5.75± 0.43
PQ1 11.71± 0.33 5.86± 0.31
PQ1 11.24± 0.46 5.61± 0.43
PQ1 11.62± 0.33 5.81± 0.31

1997 Apr. 9.0 BS 2560 RQ0 15.89± 0.54 6.50± 0.41
RQ0 14.61± 0.49 5.96± 0.37
RQ1 13.02± 0.36 6.12± 0.31
RQ1 12.20± 0.35 5.74± 0.30
RQ2 12.91± 0.43 7.93± 0.49
RQ2 10.89± 0.37 6.69± 0.42
RQ4 4.38± 0.25 4.58± 0.48
RQ4 5.79± 0.20 6.07± 0.38
PQ1 13.20± 0.44 6.04± 0.37
PQ1 12.34± 0.41 5.65± 0.34
PQ2 11.48± 0.34 5.50± 0.30
PQ2 10.24± 0.40 4.92± 0.36
PQ3 8.37± 0.29 5.15± 0.32
PQ3 10.01± 0.39 6.17± 0.44

1997 Apr. 10.2 BS 2560 RQ0 + PQ1 26.82± 0.55 6.28± 0.63
1997 Apr. 30.0 BS 2560 RQ0 8.60± 0.34 5.73± 0.42

and RQ0 10.20± 0.29 6.78± 0.35
BS 8781 RQ1 7.80± 0.31 5.87± 0.43
(α Peg) RQ1 8.64± 0.25 6.49± 0.34

RQ2 6.63± 0.28 6.33± 0.49
RQ2 7.74± 0.22 7.38± 0.40
RQ4 4.46± 0.23 6.68± 0.63
RQ4 4.48± 0.19 6.70± 0.51
PQ1 7.00± 0.27 5.22± 0.37
PQ1 9.97± 0.28 7.46± 0.40
PQ2 8.06± 0.23 6.23± 0.33
PQ3 8.24± 0.23 7.93± 0.42

1997 May 1.2 BS 2560 RQ0 7.22± 0.29 4.35± 0.32
and RQ0 9.54± 0.27 5.74± 0.30
BS 8781 RQ1 7.91± 0.22 5.51± 0.29

RQ2 5.77± 0.17 5.29± 0.29
RQ4 3.23± 0.13 5.21± 0.38
PQ1 5.22± 0.21 3.52± 0.27
P
Q1 6.81± 0.19 4.58± 0.24
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TABLE III—Continued

Infrared flux Line flux Q (C2H6)
UT date standard starsa Q-branchb (10−17 W m−2)d (1028 mol s−1) f

1997 Aug. 7.9 BS 1165 and RQ0 + PQ1 0.61± 0.09 0.65± 0.17
BS 3903 (ν1 Hya)

1997 Aug. 8.8 BS 1165 and RQ0 + PQ1 0.77± 0.08 0.82± 0.15
BS 3903

1997 Sep. 25.7 BS 1165 RQ0 + PQ1 0.11± 0.02e 0.46± 0.15g

a BS numbers are given with the star name in parentheses. The same calibration stars were used for each grating setting on a
date.

b Lines repeated in the table indicate separate measurements.
c When only theRQ0 andPQ1 Q-branches were detected, the sum of their fluxes are reported.
d Total transmittance corrected flux 2–12 arcsec off the nucleus in both the east and west directions unless otherwise noted.
e Total transmittance corrected flux in a 1× 1-arcsec2 box centered on the nucleus.
f Production rates derived by stepping 1× 1-arcsec2 extracts between 2 and 12 arcsec off the nucleus at 1-arcsec intervals in both
i
th

d

h

u

g
ing

e-

east

us-
ffset
east and west directions for each measured line unless otherw
g Production rate derived from a 1× 1-arcsec2 box centered on

of a photon with wavenumberν (cm−1), f (x) is the fraction of
molecules expected in the sampled region (x being the fraction of
a photodissociation scale length subtended by the beam ra
see Appendix of Hobanet al.(1991)), andFi is the flux (W m−2)
from thei th Q-branch incident atop the terrestrial atmosphere
small correction factor (15%) is applied to account for flux t
falls outside the five-columns extracted for a givenQ-branch
(the image of a spectral line is slightly broader than the 1-arc
slit width). Transmittance-corrected fluxes are given in Table
for each measured ethaneQ-branch.

We adopted a gas outflow velocity consistent with meas

at radio wavelengths for Hale–Bopp (vgas= 1.1R−0.5

h km

d Apr. 9.

from the nucleus, due to seeing, drift, and other factors associ-

s−1; cf. Biver et al. (1999)), and took the standard photodisso-

TABLE IV
Rotational Temperatures, Production Rates, and Relative Abundances for Ethane in Comet Hale–Bopp

UT date Q(C2H6) (1028 molec s−1) Trot Q(H2O)b (1030 molec s−1) C2H6/H2O (10−3) Q(C2H2)c (1028 molec s−1) C2H6/C2H2

1996
Jun 12.6 <0.6 20a

Sep 20.3 0.29± 0.12 30a

Dec 11.1 0.79± 0.20 50a

1997
Jan 21.8 2.15± 0.47 70a 4.00± 0.39 5.38± 1.29
Feb 24.0 5.00± 0.42 78+30

−22 8.89± 0.89 5.62± 0.73 3.4± 0.6 1.5± 0.3
Apr 6.2 7.05± 0.71 128a 10.69± 1.07 6.59± 0.93 3.4± 1.3 2.1± 0.8
Apr 8.1 5.63± 0.48 134+34

−28 9.34± 0.93 6.03± 0.79
Apr 9.0 5.99± 0.72 112+54

−40 9.33± 0.54 6.42± 0.86
Apr 10.2 6.28± 0.63 128a 9.99± 0.38 6.29± 0.67
Apr 30.0 6.71± 0.75 133+53

−42 6.76± 0.33 9.93± 1.21 2.4± 0.2 2.8± 0.4
May 1.2 5.03± 0.65 107+46

−37 7.43± 0.41 6.77± 0.95 1.6± 0.7 3.1± 1.4
Aug 7.9 0.65± 0.17 50a <1.5 >4.3± 1.1
Aug 8.8 0.82± 0.15 50a

Sep 25.7 0.46± 0.15 30a

a Adopted rotational temperatures. (On UT Apr. 6.2 and Apr. 10.2 adopted values were based on a weighted average of derived values for Apr. 8.1 an0.)

ated with real observing conditions (see Dello Russoet al.(1998,
es taken from Dello Russoet al. (2000).
es taken from Magee-Saueret al. (2001, in preparation).
se noted.
e nucleus (see text).

ius;

. A
at

sec
III

re-

ciation lifetime for quiet Sun conditions (τC2H6 = 9.1× 104 s;
Huebneret al. (1992)). DustQ-curves were generated usin
the simultaneously obtained continuum profile and assum
τdustÀ τC2H6 (Fig. 5B). “Symmetric” production rates were d
termined from each ethaneQ-branch (Fig. 5C) by taking a
weighted mean of corresponding spherical production rates
and west of the nucleus (Qdust is scaled toQC2H6 at the first step
(1 arcsec) off the nucleus in Fig. 5C).

The Q-curves for dust and C2H6 (as well as other volatile
species) show that production rates derived from nucle
centered extracts are lower than those derived at positions o
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D) UT
(PSFs,

s for
FIG. 4. Spatial profiles for C2H6 and dust in Comet Hale–Bopp on five dates: (A) UT 1997 Jan. 21.8, (B) UT 1997 Apr. 6.2, (C) UT 1997 Apr. 9.0, (
1997 May 1.2, and (E) UT 1997 Aug. 8.8. The C2H6 column densities (green solid curves), the continuum profiles (red dashed curves), and stellar profiles
yellow dotted curves) are displayed. A scaled spatial profile for water is also shown (blue curve with alternating dots and dashes) in (B). Aρ−1 distribution (x′s)
is also shown at intervals of 1 arcsec on all plots. The C2H6 profiles incorporate allQ-branches measured on a particular date. We note that spatial profile

individual Q-branches on a particular date were similar. The slit was oriented east–west on all dates. The direction of the Sun with respect to the comet is indicated
with a compass on the left side of each figure.
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FIG. 5. Production rate growth curves (Q-curves) for C2H6 and dust in
Comet Hale–Bopp on UT 1997 Apr. 6.2. (A) EthaneQ-curve: Ethane spherica
production rates derived by stepping 1× 1-arcsec2 extracts east (open triangle
pointing up) and west (open triangles pointing down) of the nucleus out
distance of∼1.2× 104 km (12 arcsec). (B) ContinuumQ-curve: Dust spheri-
cal production rates east (filled triangles pointing up) and west (filled trian
pointing down) of the nucleus (errors in spherical production rates for the
are smaller than the size of the plotted points). (C) SymmetricQ-curves for C2H6

(diamonds), dust (crosses), and H2O (open circles) derived from a weighted ave
age of east and west extracts (for comparison, the dust and water production
are scaled to the ethane production rate at the first step (1 arcsec) off the nuc

2000) for detailed discussion). Typically, symmetric product
rates reached a constant (terminal) value near 2 arcsec
the nucleus, and nucleus-centered values were about a fac
3–4 lower than terminal values (Fig. 4C). For this reason,
the 11 dates whenRh ≤ 2.25 AU, the “global” production rate
determined from each individualQ-branch of C2H6 was taken
from a weighted average of symmetric production rates o
the range 2–12 arcsec from the nucleus. Although asymme
will likely have a small residual effect on our global productio
rates, this method has been shown to be a valid approach to
order (cf. Xie and Mumma 1996). On UT 1996 Sep. 20.3 a

1997 Sep. 25.7, the signal-to-noise ratio between 2 and 12 ar
from the nucleus was too small to measure the flux accurat
SO ET AL.
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On these dates production rates were determined from the
served flux in a 1× 1-arcsec2 box centered on the nucleus scal
upward by a factor of 3 (Table III). Global production rates fo
particular date (Table IV) are represented by the weighted a
age of values obtained from individualQ-branch measurement
on that date, as listed in Table III. Although detected on multi
dates (Fig. 3A; Table I), theRQ3 Q-branch was not used in thi
analysis since it is blended with lines of CH3OH and OH whose
intensities are not known.

Errors were evaluated on each date for all detectedQ-
branches. The (1σ ) errors inQ-branch flux reported in Table II
were derived from the deviation of the C2H6 spatial profile
(Fig. 3) from a fitted curve (Gaussian+ polynomial). For each
Q-branch in Table III withinRh = 1.49 AU, the uncertainty
in the global production rate was dominated by the stand
deviation of the mean production rate over the range
12 arcsec from the nucleus (e.g. Fig. 5C). This includes
tors such as deviations in the synthetic atmospheric mode
instrumental effects, spatial variations in rotational tempera
and outflow velocity, and other factors that cause deviati
from our idealized gas outflow model. ForRh≥ 1.49 AU, the
uncertainty in the global production rate was dominated by p
ton noise (stochastic error). Possible errors in the fluoresc
model (e.g., uncertainty in excited-state→ ground-state branch
ing ratios and theν7 bandg-factor) were not included. On date
where only theRQ0 andPQ1 Q-branches were detected and
rotational temperature was not determined, a minimum un
tainty of 10% in the production rate was assumed.

Our ethane production rates are shown vs heliocentric
tance in Fig. 6. A least-squares fit to values on 11 dates yie
QC2H6 = (5.52± 0.20)× 1028 [R(−2.43±0.13)

h ] molecules s−1,
which is close to (but slightly steeper than) the insolation-limi
dependence ofR−2

h . Separate pre- and post-perihelion dep
dences for C2H6 give R(−3.01±0.33)

h andR(−2.34±0.18)
h respectively.

Somewhat flatter heliocentric dependences were derived for
duction of native CO (R(−1.73±0.26)

h between 4.1 and 0.9 AU
DiSanti et al. (1999)), H2O (R(−1.88±0.18)

h between 1.5 and
0.9 AU; Dello Russoet al.(2000)), and dust at millimeter wave
lengths (R(−1.7±0.2)

h between 2.5 and 0.9 AU, Jewitt and Matthe
(1999)).

The different heliocentric dependences derived for C2H6 and
H2O should be interpreted with caution. Although this diffe
ence superficially suggests that ethane release is not contr
by water sublimation, production rates for H2O were only mea-
sured directly by us forRh ≤ 1.49 AU, and a steeper dependen
is likely between 1.5 and 3 AU where release of H2O is not
insolation-limited (cf. Weaveret al. 1999b). In fact, the helio-
centric dependence for C2H6 whenRh ≤ 1.49 AU (R(−1.66±0.34)

h )
is the same within error as that derived for H2O. Therefore, our
data are not inconsistent with ethane production being contro
by water sublimation.

Despite apparent differences in the derived heliocentric

csec
ely.
pendences pre- and post-perihelion for C2H6, the evidence for
pre- and post-perihelion asymmetries is not compelling. The
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FIG. 6. Evolution of the C2H6 production rate in Comet Hale–Bop
with heliocentric distanceRh. The solid vertical line represents the helioce
tric distance at perihelion. The dashed line is the heliocentric depend
Q = (5.52± 0.20)× 1028 [R(−2.43±0.13)

h ] molecules s−1, derived from a least-
squares fit to our measured values pre-perihelion (crosses) and post-peri
(diamonds). Separate pre- and post-perihelion dependences for ethan
R(−3.01±0.33)

h and R(−2.34±0.18)
h respectively. Based on our fit, we estima

the absolute 1σ uncertainty inQC2H6 to be±0.73× 1028,±0.16× 1028, and
±0.75× 1027 at 1.0, 2.0, and 3.0 AU, respectively.

post-perihelion fit is strongly influenced by the four measu
ments near perihelion while there are no measurements w
1.11 AU pre-perihelion (Fig. 6). Furthermore, our derived p
duction rates forRh ≥ 1.11 AU suggest a flatter heliocentri
dependence near perihelion (Fig. 6). Neglecting the f
measurements near perihelion, our post-perihelion depend
(R(−2.69±0.21)

h ) is not significantly different from the derived pre
perihelion dependence (R(−3.01±0.33)

h ). Unfortunately, significant
gaps in our heliocentric coverage within 3 AU prevent us fro
definitively concluding that ethane release is controlled
water sublimation. While we find no compelling evidence
pre- and post-perihelion asymmetries in C2H6 production, these
gaps also limit our ability to test possible asymmetries in p
duction. These gaps could also mask a more complex beha
for C2H6 than is implied by a single heliocentric dependence
within 3 AU.

6. THE IMPLICATIONS OF ABUNDANT ETHANE
IN COMETS

How common are ethane-rich comets? Prior to the adven

high-resolution ground-based infrared spectroscopy, C2H6 had
not been detected in comets. This is not surprising since C2H6 Q-
ET HALE–BOPP 173
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branch emissions could not be resolved and differentiated f
other organic species (most notably methanol) in the 3.35-µm
region with the moderate-resolution spectrometers then a
able (e.g., compare the high- and moderate-resolution spec
Comet Lee shown in Figs. 1 and 2 of Mummaet al. (2001a)).
Five Oort cloud comets (Hyakutake, Hale–Bopp, Lee, C/19
S4 LINEAR, and C/1999 T1 McNaught–Hartley) have been
served since high-resolution ground-based infrared spectro
ters became available, and C2H6 has been detected in four o
them with very similar abundances (relative to water, Table
The only exception was Comet LINEAR, which was sever
depleted in C2H6 as well as many other volatile species (Mumm
et al.2001b). Since C2H6 has only been sampled in only a fe
Oort cloud comets, the extent and frequency of such variat
are not yet clear. The data obtained so far suggest the presen
abundant C2H6 (relative to CH4 and C2H2) in Oort cloud comets
may be the rule rather than the exception.

The C2H2 observed in comets was likely formed by gas-pha
ion-molecule reactions in the natal interstellar cloud core,
C2H6 cannot be formed in this way because one critical reac
is energetically forbidden. It was suggested that C2H6 could be
produced on icy grains in the natal cloud, either by photoly
of CH4 ice or by hydrogen atom addition reactions to C2H2

condensed from the gas phase (Mummaet al. 1996). Com-
parison of the relative abundances of these chemically lin
species may be important in constraining cometary forma
scenarios. Similar relative amounts of these species in Co
Hyakutake, Hale–Bopp, and Lee (Table V) are consistent w

TABLE V
Relative Ethane Abundances in Five Oort Cloud Comets

Comet C2H6/H2O C2H6/C2H2 C2H6/CH4

C/1996 B2 (6.4± 1.5)× 10−3a ∼0.5–4c ∼0.5b

Hyakutake (4–12)× 10−3b
4± 2d

C/1995 O1 Hale–Bopp (6.23± 0.42)× 10−3e
2.4± 0.7f 0.55g

C/1999 H1 Lee (7.1± 0.7)× 10−3h
2.6± 0.3h 0.88± 0.12h

C/1999 S4 LINEAR (1.3± 0.2)× 10−3i
>0.9i 0.87± 0.18i

C/1999 T1 6.5× 10−3 j
>0.4j

McNaught–Hartley

a Dello Russoet al. (1999), for UT 1996 Mar 24.5.
b Mummaet al. (1996), for UT 1996 Mar 24.5.
c Based on relative abundances reported in Mummaet al. (1996) (UT 1996

Mar 24.5) and Brookeet al. (1996) (UT 1996 Apr 8.2).
d Dello Russoet al.(1999), and Magee-Saueret al.(2001, in preparation) for

UT 1996 Mar 24.5.
e This work. Based on a weighted average of all dates in Table IV excep

1997 Apr 30.0. Including all dates C2H6/H2O= (6.7± 1.4)× 10−3.
f This work, and Magee-Saueret al. (2001, in preparation) based on

weighted average of four dates (see Table IV).
g Weaveret al. (1999a ), for UT 1997 Mar 1.9.
h Mummaet al. (2001a), for UT 1999 Aug 21.6.
i Mummaet al. (2001b), for UT 2000 July 13.6.

j Preliminary values from Mummaet al.(2001c), IAU Circular 7578, for UT

2001 Jan 14.7.
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a common chemical origin. This could reflect creation by kin
ically controlled production processes in the natal cloud co
Alternatively, they could have formed in a common region
the solar nebula (whether from thermochemically equilibra
species or as a result of hydrogenation of icy grains is not
clear). The detection of C2H6 with depleted abundance in prob
able Kuiper-belt Comet Giacobini-Zinner (Weaveret al.1999c,
Mumma et al. 2000) may reflect different processing of pr
cometary ices in the transneptunian nebular region. These
imply a link between the processing histories of precomet
ices and the relative abundances of these species in co
However, the depletion of native CO in Comet Lee by ab
a factor of 5 to 10 with respect to Hyakutake and Hale–Bo
(Mummaet al. 2001a) shows that many questions remain
better understanding of processing in the early solar nebula
be obtained as the chemistry of more comets is studied.

Laboratory studies have yielded interesting and relevan
sults that can be compared to measured cometary abunda
to help constrain formation scenarios. If the C2H6 in Comet
Hale–Bopp was produced entirely via H atom addition re
tions to C2H2, the conversion proceeded with high efficien
(∼60–75%). Ethane can be produced with these high effic
cies from hydrogen atom addition reactions on C2H2 and ethy-
lene (C2H4) ices (Hiraokaet al. 2000), but the efficiency o
this process depends strongly on temperature. Ethane yield
crease dramatically with a decrease in temperature from 5
10 K, presumably due to increased sticking probabilities o
atoms at lower temperatures (Hiraokaet al.2000). Interestingly,
Hiraokaet al.showed that hydrogen atom addition reactions
C2H2 do not form detectable amounts of the intermediate C2H4

even though C2H4 is not completely converted to C2H6 when it
is the starting ice. If H atom addition reactions play an imp
tant role in shaping the composition of precometary ices, C2H4

may be depleted in comets relative to C2H2 and C2H6. Thus,
determining the C2H4 abundance in comets (or even obtaini
a meaningful upper limit) may provide a key test of the im
portance of H atom addition reactions in cometary format
scenarios.

Ethylene was searched for but not detected in Com
Hyakutake and Hale–Bopp. Several factors make detecting C2H4

(or even determining an upper limit) problematic. C2H4 has two
fundamental bands at∼2988.6 (ν11) and 3104.9 cm−1 (ν9), both
of which are significantly weaker than theν7 band of C2H6 and
theν3 band of C2H2 (theν9 andν11 bands of C2H4 each have
bandg-factors at 1 AU of∼1× 10−4 s−1, based on band inten
sities given by Dang-Nhuet al. (1983)). The perpendicularν9

band has severalQ- branches, but the atmosphere has gener
low transmittance near 3100 cm−1, making detection difficult.
Theν11 parallel band has a strongQ-branch near 2988.6 cm−1,
but three factors make its detection problematic: (1) TheQ-
branch is relatively broad (∼1 cm−1 wide; Van Lerbergheet al.
(1972)), spreading any on-chip intensity over many pixels.

TheQ-branch position is coincident with a region of strong te
luric methane and water lines that together cause generally p
SO ET AL.
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transmittance. (3) Any emission intensity from C2H4 must be
separated from the ubiquitous (and largely unmodeled) CH3OH
emissions in this spectral region. Another complicating facto
that line intensities for C2H4 are not known due to the absen
of low-temperature, line-by-line fluorescence models for th
bands (analysis of C2H4 in this spectral region is complicate
by the presence of numerous combination bands, Sartakovet al.
(1997)). For these reasons an upper limit for C2H4 in Hale–Bopp
was not determined, and the C2H4 abundance in comets remai
unknown.

In an alternate view, Notescoet al. (1997) showed that rela
tive abundances of C2H6 and CH4 comparable to those foun
in Hyakutake (and Hale–Bopp) can be simulated in the lab
tory by trapping these gases in water ice at∼65 K. In addition to
C2H6, Notescoet al.also predict the presence of propane (C3H8)
with an abundance comparable to CH4 and C2H6 (C2H6/C3H8

∼1.5–2), if precometary ice formed by condensation of neb
gas in some regions at∼65 K. However, other evidence suppo
a formation temperature of∼30 K in Hale–Bopp (Crovisier
et al. 1997, Krasnopolskyet al. 1997, Meieret al. 1998a,b;
Sternet al.2000). C3H8 was not detected in Comets Hyakuta
and Hale–Bopp. However, as with C2H4, isolation of possible
C3H8 emission from CH3OH is difficult even at high resolu
tion, and adequate line-by-line fluorescence models do not e
Both C3H8 and CH3OH have several infrared-active fundame
tal bands in the C–H stretch spectral region that give rise
dense grouping of lines. Since C3H8 may be at least a facto
of 10 less abundant than CH3OH in comets, differentiation o
any propane features from weak methanol lines requires th
velopment of low-temperature line-by-line fluorescence mod
for all strong bands of C3H8 and CH3OH in the region 3.3–
3.6 µm. Thus, an upper limit for C3H8 was not obtained in
Hale–Bopp and the C2H6/C3H8 ratio in comets remains an ope
question.

The presence of abundant cometary C2H6 has implications for
the origin of the 3.2–3.6µm X–CH feature seen in many come
when observed at low (λ/1λ ∼ 100) and medium (λ/1λ ∼
1000) spectral resolving power (cf. Bockel´ee-Morvanet al.
1995). That C2H6 could contribute to this feature in comets b
came evident following its discovery in Hyakutake (cf. Mumm
et al. 1996, Crovisier 1999). The combinedg-factors at 1 AU
from the Sun for fundamental bands of CH3OH and C2H6 in this
region are∼7× 10−4 and 9× 10−4 s−1 respectively (including
theν2, ν9, andν3 bands of methanol, Rogers (1980); includi
theν5 andν7 bands of ethane, Dang-Nhuet al.(1984)). Assum-
ing a mixing ratio of C2H6/CH3OH ∼ 0.1–1.0 in comets, the
ethane contribution to theX–CH feature is significant (∼10–
130% of the total contribution from methanol, slightly less
methanol overtone and combination bands contribute sig
cantly in this region). This is consistent with earlier conc
sions that CH3OH (ν2 and ν9) could contribute only up to
∼50–60% of the 3.4-µm “cometary organic” emission featur

l-
oor
observed in several comets (Reuter 1992, Bockel´ee-Morvan
et al.1995).
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7. SUMMARY

The detection of C2H6 in comets provides another valuab
clue to the origin and processing histories of cometary ices. S
production of C2H6 by gas-phase ion–molecule reactions is
ergetically forbidden, the discovery of abundant C2H6 in Comet
Hyakutake implied its ices did not originate in this way (Mumm
et al.1996). However, the abundances of related hydrocarb
(e.g., CH4, C2H2, CO, and CH3OH) argued against formatio
in a thermochemically equilibrated region of the solar neb
Mummaet al. (1996) suggested that C2H6 formed on icy grain
mantles in the natal cloud by photolysis of CH4 or by H atom
addition reactions to C2H2. The apparition of Comet Hale–Bop
afforded an opportunity to measure the relative abundance
these potentially interrelated species in a bright comet with h
spectral and spatial resolution over a large range in helioce
distance.

Multiple Q-branches of C2H6 were detected in Hale–Bopp o
13 dates between UT 1996 September 20.3 and 1997 Sep
ber 25.7 (Tables I and II; Figs. 1, 2, 3). A simple fluoresce
model for C2H6 was developed, enabling production rates
be measured (Tables III and IV). The heliocentric depende
derived for the C2H6 production rate in Hale–Bopp wasQ =
(5.52± 0.20)× 1028 [R(−2.43±0.13)

h ] molecules s−1 (Fig. 6). Al-
though this heliocentric dependence for C2H6 is steeper than
that measured for H2O (R(−1.88±0.18)

h ), it is not inconsistent with
ethane production being controlled by water sublimation si
H2O production was only measured forRh ≤ 1.49 AU, and a
steeper dependence for H2O is likely between 1.5 and 3 AU. Th
spatial distribution of C2H6 molecules in the coma was cons
tent with all C2H6 being released directly from the nucleus for
distances within 3.01 AU of the Sun (Fig. 4), although it is p
sible that a small fraction was released as a distributed so
When our derived ethane, water, and acetylene production
are compared, we obtain C2H6/H2O= (6.23± 0.42)× 10−3,
and C2H6/C2H2= 2.4± 0.7 (Tables IV and V). If C2H6 in Hale–
Bopp was produced entirely via H atom addition reactions
C2H2, this implies the conversion of C2H2→ C2H6 proceeded
with ∼60–75% efficiency.

Comparison of three Oort cloud comets (Hyakutake, Ha
Bopp, and Lee) shows remarkably similar relative abundan
for C2H6, C2H2, CH4, and H2O (Table V), implying that these
three comets experienced similar processing histories. A
dances and upper limits for C2H4 and C3H8 (species that may
also be chemically linked to C2H6, C2H2, and CH4) were not
obtained in Hyakutake or Hale–Bopp due to the lack of lo
temperature line-by-line fluorescence models and difficulties
sociated with detecting emission from these species. Howe
there was no clear evidence of excess emission at the freque
expected for lines of C2H4 or C3H8.

The detection of C2H6 in five Oort cloud comets observe
with ground-based high-resolution spectroscopy demonst

that abundant C2H6 (relative to CH4 and C2H2) in comets may
be the rule rather than the exception. This has implications
ET HALE–BOPP 175
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the origin of the 3.2–3.6µm X–CH feature seen in man
comets with low and medium resolution (cf. Reuter 19
DiSanti et al. 1995, Bockel´ee-Morvanet al. 1995), suggest
ing that C2H6 should at least partially account for the une
plained excess emission in this region that cannot be attrib
to CH3OH. C2H6 production rates obtained from a systema
study of comets at infrared wavelengths will continue to be
portant in constraining the origin and processing historie
cometary ices.

APPENDIX

Determination of Ethane ν7 g-Factors

Although C2H6 is a simple hydrocarbon with high symmetry (D3d), it pos-
sesses a dense and complex rotational fine structure in its infrared band
goal of this study was to develop a simple fluorescence model for C2H6 as a
function of temperature. As an example of howg-factors were determined, w
will show the calculation for thePQ1 Q-branch at 100 K.

A. Determination of the Ground-State Populations

The energy of a prolate symmetric top molecule including vibrational
rotational interactions and centrifugal distortion is given in Herzberg (1945

E(J, K ) = B0J(J + 1)+ (A0 − B0)K 2 − DJ
0 J2(J + 1)2

− DJK
0 K 2J(J + 1)− DK

0 K 4.

In this equation Coriolis coupling and all higher order vibration–rotation in
actions as well as possible l-type doubling effects are neglected. Consta
cm−1) are as follows (Pine and Lafferty 1982):

B0 = 0.663, A0= 2.671, DJ
0 = 1.03× 10−6,

DJK
0 = 2.66× 10−6, DK

0 = 1.09× 10−5

The rotational partition function can be approximated if centrifugal distor
terms are neglected:

Zr ∼
∞∑

J=0

+J∑
K=−J

εJK (2J + 1) exp

[−hc

kT
{B0J(J + 1)+ (A0 − B0)K 2}

]
.

The initial ground-state populations are defined by the statistical weigh
the rotational levels that are split into doublets. The torsionally split rotati
levels and their statistical weights (εJK ) are given below (Wilson 1938, Dang
Nhuet al.1984):

For K not a multiple of 3:εJK = 4 forψJK = A or B;

εJK = 16 forψJK = E1 or E2

For K a multiple of 3, but6= 0 : εJK = 16 forψJK = A or B;

εJK = 8 forψJK = E1 or E2

For K = 0 andJ = even:εJK = 6 forψJK = A;

εJK = 2 forψJK = E1

For K = 0 andJ = odd:εJK = 10 forψJK = A;

εJK = 6 forψJK = E1
forIn the limit B0hc/k¿ T (in this caseB0hc/k ∼ 1 K), the rotational partition
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function can be expressed as

Zr ∼ 11
√
π

(
k

hc

)3/2( T

B0

)(
T

A0

)1/2

.

Since C2H6 has a low-frequency torsional mode (ν4) at ν∼ 290 cm−1, the
vibrational partition function may contribute significantly to the total partitio
function for temperatures experienced in Hale–Bopp near perihelion. Assum
the populations in all other excited vibrational states exceptν4 are zero, the
vibrational partition function can be calculated:

Zν =
[
1− exp

(
−hcν4

kT

)]−1

.

The total partition function is then expressed asZ = Zr Zv.
For this analysis we treat the unresolved torsionally split rotational level

a single state. The initial population in a specific ground-state rotational l
can then be calculated:

NJK = 20(2J + 1) exp[−hc/kT{B0J(J + 1)

+ (A0 − B0)K 2}] for K not a multiple of 3.

NJK = 24(2J + 1) exp[−hc/kT{B0J(J + 1)

+ (A0 − B0)K 2}] for K a multiple of 3.

NJK = 8(2J + 1) exp[−hc/kT{B0J(J + 1)

+ (A0 − B0)K 2}] for K = 0, J = even.

NJK = 16(2J + 1) exp[−hc/kT{B0J(J + 1)

+ (A0 − B0)K 2}] for K = 0, J = odd.

Now the initial fractional population (f JK ) in a particular ground-state rotationa
level at a certain temperature can be determined,

f JK = NJK/Z.

For the case ofPQ1, the K = 1 fractional ground-state populations are need
and were calculated up toJ = 52. They are listed in Table A.I for 100 K from
J = 1 to 20. At 100 K, the fractional population in the ground stateK = 1 level
(for J ≥ K , summed over all levels inK = 1) is 0.191.

B. Branching Ratios for the Pump fromν to ν ′

The fractional branching ratios for the pump from a given lower state (SJ′′K ′′ )
into the upper vibrational state (SJ′K ′ ) for theν7 band are given by the Honl-
London formulas for a perpendicular band (Herzberg 1945, Dang-Nhuet al.
1984):

B R= (J + 2± K )(J + 1± K )

(J + 1)(2J + 1)

(
F

4

)
for 1J = +1 and1K = ±1,

B R= (J + 1± K )(J ∓ K )

J(J + 1)

(
F

4

)
for 1J = 0 and1K = ±1,

B R= (J − 1∓ K )(J ∓ K )

J(2J + 1)

(
F

4

)
for 1J = −1 and1K = ±1,

where,

[ ( ) ]

F = 1+ αK1K + β1J J + 1

2
+ 1J

2
+ · · ·

2

,
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TABLE A.I
Fractional Ground-State Populations

for K = 1 at 100 K

J EJ K (cm−1) fJ K

1 3.33 0.00540
2 5.99 0.00867
3 9.96 0.01146
4 15.27 0.01365
5 21.90 0.01516
6 29.86 0.01598
7 39.14 0.01613
8 49.75 0.01569
9 61.68 0.01477

10 74.94 0.01348
11 89.52 0.01197
12 105.43 0.01035
13 122.66 0.00872
14 141.21 0.00717
15 161.09 0.00575
16 182.29 0.00451
17 204.82 0.00346
18 228.67 0.00259
19 253.84 0.00190
20 280.33 0.00136

α = 0.0144, andβ = 0.0048. ForK = 0 and1K = +1 the values given in
the above formulas must be multiplied by 2. For thePQ1 transition we need
to determine the branching ratios fromK ′′ = 1 to K ′ = 0 (for all other Q-
branches two sets of branching ratios must be considered,K ′′ = K ′ ± 1→
K ′). Branching ratios forPQ1 (K ′′ = 1, K ′ = 0) and the fraction of the total
molecules pumped to a specific upper state (f J′K ′ ) up to J ′ = 20 are shown in
Table A.II.

C. Determination of g-Factors

OncefJ′K ′ for each upper state is determined for a particular temperatu
Q-branch emissiong-factors can be determined from the bandg-factor and
branching ratios taken fromSJ′K ′ to SJ′′K ′′ . From the band intensity (I ), the
EinsteinA coefficient (s−1) can be calculated for the band. For C2H6 ν7, we use
Iν7 = 1154 cm−2 atm−1 at 115 K, derived from Dang-Nhuet al. (1984), who
also report a value at 295 K (351.0 cm−2 atm−1) using resolved, unperturbed
transitions in the Doppler-limited spectrum (Pine and Lafferty 1982). This va
was used in preference toIν7 = 548 cm−2 atm−1 at 273 K derived from con-
version of the measured integrated band area to band intensity in labora
spectra with very low resolution (insufficient to resolve theν5 andν7 bands,
Nyquistet al.(1957)). The EinsteinA coefficient forν7 can be derived using the
formalism given in Crovisier and Encrenaz (1983) and Crovisier (1984):

Aν7 = 3.080× 10−8 (T/300)ν2 Iν7Zv

ω
.

This gives Aν7 = 64.8 s−1, where ν is the wavenumber at band cente
(2985.39 cm−1), T is the temperature (in Kelvin) at which the band intensi
(Iν7) was measured,Zv is the vibrational partition function at temperatureT,
andω is the degeneracy of the band. The EinsteinA coefficient forν7 should
be independent of temperature to first order, and we note that ifI= 351 cm−2
atm−1 at 295 K is used,Aν7 = 62.6 s−1. Theg-factor for a fundamental vibra-
tional band excited by a blackbody of solid angleÄ at temperatureTb can then
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be determined (Crovisier and Encrenaz 1983):

gν7 = ωÄ

4π
Aν7

[
exp

(
hcν

kTb

)
− 1

]−1

.

For excitation by the Sun at 1 AU (Tb= 5770 K andÄ/4π = 5.42× 10−6), we
obtaingν7 = 6.35× 10−4 s−1. (If the band intensity from Nyquistet al.(1957)
is used,gν7 = 8.56× 10−4 s−1. Using this value would decrease our derive
production rates by 35%.)

The branching ratios for emission from the excited state were determin
an analogous way to branching ratios for absorption (see section B above)
the parametersα andβ are assumed to be the same for absorption and emiss
From this we can obtain the fraction of molecules in the upper state that cas
into the lower state (f J′′K ′′ ), and emissiong-factors for all unresolvedJ-lines
within a givenQ-branch. The sum of theg-factors for allJ-lines within a given
Q-branch gives the totalg-factor for thatQ-branch. An example is shown in
Table A. III for J ′′ = 1→ 20 lines ofPQ1 at 100 K.

TABLE A.II
Fractional Branching Ratios for (K′′ = 1→ K′ = 0)

and fJ′K′ at 100 K

Fractional Fractional
branching branching

J′′ J′ ratios f J′K ′ J′′ J′ ratios f J′K ′

1 0 0.1587 0.00086 10 11 0.1269 0.0057

1 1 0.2404 0.00252 11 0.2401
2 0.1415 12 0.1107

1 2 0.0817 0.00405 11 12 0.1286 0.0049
2 0.2404 12 0.2400
3 0.1334 13 0.1092

2 3 0.0990 0.00536 12 13 0.1303 0.0042
3 0.2404 13 0.2400
4 0.1284 14 0.1077

3 4 0.1071 0.00640 13 14 0.1318 0.0034
4 0.2404 14 0.2399
5 0.1248 15 0.1063

4 5 0.1121 0.00712 14 15 0.1333 0.0028
5 0.2404 15 0.2398
6 0.1220 16 0.1050

5 6 0.1157 0.00752 15 16 0.1348 0.0022
6 0.2403 16 0.2397
7 0.1196 17 0.1037

6 7 0.1186 0.00761 16 17 0.1363 0.0017
7 0.2403 17 0.2396
8 0.1175 18 0.1024

7 8 0.1210 0.00743 17 18 0.1377 0.0012
8 0.2403 18 0.2395
9 0.1156 19 0.1011

8 9 0.1232 0.00701 18 19 0.1391 0.0009
9 0.2402 19 0.2394

10 0.1138 20 0.0999

9 10 0.1251 0.00643 19 20 0.1405 0.0006
10 0.2402 20 0.2393

11 0.1122 21 0.0986
ET HALE–BOPP 177
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TABLE A.III
f J′′K ′′ and g Factors for Ethane ν7

PQ1(J) Emissions at 100 K

g[PQ1(J)]
J ′ K ′ J ′′ K ′′ f J′′K ′′ (10−6 s−1)

1 0 1 1 0.00125 0.794
2 0 2 1 0.00201 1.27
3 0 3 1 0.00266 1.68
4 0 4 1 0.00317 2.01
5 0 5 1 0.00353 2.24
6 0 6 1 0.00372 2.36
7 0 7 1 0.00377 2.39
8 0 8 1 0.00368 2.33
9 0 9 1 0.00347 2.20

10 0 10 1 0.00318 2.02
11 0 11 1 0.00283 1.80
12 0 12 1 0.00246 1.56
13 0 13 1 0.00208 1.32
14 0 14 1 0.00172 1.09
15 0 15 1 0.00139 0.881
16 0 16 1 0.00109 0.694
17 0 17 1 0.000844 0.535
18 0 18 1 0.000636 0.403
19 0 19 1 0.000470 0.298
20 0 20 1 0.000339 0.215

Total contribution toPQ1 0.0450 28.5
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