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Abstract

We detected CH4 in eight Oort cloud comets using high-dispersion (λ/�λ∼ 2× 104) infrared spectra acquired with CSHELL at NASA
IRTF and NIRSPEC at the W.M. Keck Observatory. The observed comets were C/1995 O1 (Hale–Bopp), C/1996 B2 (Hyakutake
H1 (Lee), C/1999 T1 (McNaught–Hartley), C/1999 S4 (LINEAR), C/2000 WM1 (LINEAR), C/2001 A2 (LINEAR), and 153/P Ikeya–Zhan
(C/2002 C1). We detected the R0 and R1 lines of theν3 vibrational band of CH4 near 3.3 µm in each comet, with the exception of McNaug
Hartley where only the R0 line was measured. In order to obtain production rates, a fluorescence model has been developed for t
CH4. We reportg-factors for the R0 and R1 transitions at several rotational temperatures typically found in comet comae and releva
observations. Usingg-factors appropriate toTrot as determined from HCN, CO and/or H2O and C2H6, CH4 production rates and mixin
ratios are presented. Abundances of CH4/H2O are compared among our existing sample of comets, in the context of establishing the
of origin. In addition, CH4 is compared to native CO, another hypervolatile species, and no correlation is found among the comets o
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Methane is an important constituent of interstellar a
cometary volatile composition. However, since CH4 is a
symmetric hydrocarbon without a permanent dipole m
ment, the only observable transitions for gas phase e
sion in cometary comae are the ro-vibrational bands in
infrared spectral region. Attempts to detect fluorescent e
sion in theν3 band of methane near 3.3 µm were first mad
comets C/1973 E1 (Kohoutek) and 1P/Halley (Roche et
1975; Kawara et al., 1988; Drapatz et al., 1987). A marg
detection of CH4 was claimed in Comet Wilson (1986
(Larson et al., 1989) and an upper limit of 0.31 perc
relative to water was reported for Comet C/Levy (1990
(Brooke et al., 1991).

Cometary CH4 was first unambiguously detected
ground-based observations of C/1996 B2 (Hyakuta
(Mumma et al., 1996). Since then, firm detections of the
and R1 lines have been made in several comets, inclu
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0019-1035/$ – see front matter 2003 Elsevier Inc. All rights reserved.
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C/1995 O1 (Hale–Bopp), C/1999 S4 (LINEAR), C/2001 A
(LINEAR), C/2000 WM1 (LINEAR), C/1999 H1 (Lee), and
most recently 153/P Ikeya–Zhang (C/2002 C1). In addit
the R0 line was observed in C/1999 T1 (McNaught–Hart
and the P2 and P3 lines were observed in Hyakutake (w
not report values for P3 since it is blended with CH3OH).

In Section 2 we discuss the observations and data an
sis. We present the CH4 ν3 band fluorescence model an
resultingg-factors in Section 3. In Section 4 we present p
duction rates and mixing ratios for CH4, and discuss som
possible implications and scenarios in Section 5. We s
marize our results in Section 6.

2. Observing approach and data reduction

Observations were performed using the long-slit sp
trometers CSHELL at NASA’s 3-meter IRTF and NIRSPE
at the 10-meter W.M. Keck Observatory, both located
Mauna Kea, Hawaii. Both instruments are high-dispers
cryogenic echelle spectrometers with sensitivity in the
5.5 µm spectral region. For the CSHELL observations

http://www.elsevier.com/locate/icarus
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Table 1
Observations

Comet Date Transition (ν3) R� (AU) ∆ (AU) ∆-dot (km/s) tint (s) Slit width (arcsec) Instrumen

C/1996 B2 (Hyakutake) 24.4 March 1996 R0 1.060 0.106 −15.5 240 1 CSHELL
R1 240 1 CSHELL

10.2 April 1996 P2 0.685 0.533 56.2 240 1 CSHELL
12.2 April 1996 R0 0.638 0.596 56.5 240 1 CSHELL

R1 120 1 CSHELL
P2 120 1 CSHELL

C/1995 O1 (Hale–Bopp) 24.2 February 1997 R0 1.114 1.568 −28.8 120 1 CSHELL
30.0 April 1997 R0 1.048 1.753 29.6 240 1 CSHELL

R1 120 1 CSHELL
1.0 May 1997 R0 1.056 1.770 29.6 120 1 CSHELL

C/1999 H1 (Lee) 19.6 August 1999 R0+ R1 1.049 1.381 −28.4 480 0.432 NIRSPEC
21.6 August 1999 R0+ R1 1.076 1.348 −29.0 1560 0.432 NIRSPEC

C/1999 S4 13.6 July 2000 R0+ R1 0.810 0.578 −56.7 1680 0.742 NIRSPEC

C/1999 T1 (McNaught–Hartley) 4.7 March 2001 R0 1.710 1.450 18.1 3600 2 CSHELL

C/2001 A2 9.5 July 2001 R0+ R1 1.161 0.276 11.5 1680 0.432 NIRSPEC
10.5 July 2001 R0+ R1 1.173 0.282 12.4 2400 0.432 NIRSPEC

C/2000 WM1 23.3 November 2001 R0+ R1 1.355 0.383 −23.7 3120 0.432 NIRSPEC

153/P 21.9 March 2002 R0 0.512 0.761 −31.8 960 1 CSHELL
Ikeya–Zhang
(C/2002 C1)

R1 0.516 0.742 480 1 CSHELL
22.9 March 2002 R1 0.733 0.490 −31.2 960 1 CSHELL
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Hyakutake, Hale–Bopp, and Ikeya–Zhang, a 1-arcsec
pixel) wide slit was used while a 2-arcsec wide slit was u
for observations of McNaught–Hartley. These slits prov
spectral resolving powersλ/�λ ∼ 25000 and 15000, re
spectively. A 3-pixel (0.43-arcsec) wide slit was used w
NIRSPEC for comets Lee, A2, and WM1 (λ/�λ∼ 25000).
For S4, a 5-pixel (0.72-arcsec) wide slit was used w
NIRSPEC(λ/�λ ∼ 15000). The small pixel sizes (0.2 ×
0.2-arcsec for CSHELL and 0.14 × 0.19-arcsec for NIR-
SPEC) provide seeing-limited angular resolution along
slit. A summary of the observations is given in Table 1. F
calibrations were based on observations of standard
through a wider slit (4-arcsec) using CSHELL. For NI
SPEC observations, the 3- and 5-pixel slits were used,
a slit-loss correction was included in our analysis.

Observations were taken in an observing sequence AB
nodding either on or off the chip. For nodding off-chip, A o
servations placed the comet at the slit center, and B sam
blank sky 2-arcmin perpendicular to the slit length (N or
For nodding on-chip, A and B were taken in positions
proximately one-quarter of the distance from the top
bottom of the slit, respectively. This increased the sig
to-noise by as much as

√
2 for an observation by doublin

the time on source per second of clock time. However,
mode of observation limits the spatial coverage along the
compared with nodding off-chip.

Data were processed using algorithms specifically
lored to our comet observations and include dark subt
tion, flat fielding, and removal of cosmic ray hits. D
tailed descriptions of our observing procedures and
s

,

processing techniques have been discussed elsewhere
Russo et al., 1998, 2000, 2001; Magee-Sauer et al., 1
DiSanti et al., 2001).

Atmospheric models were obtained using the Spec
Synthesis Program (SSP, Kunde and Maguire, 1974), w
uses the HITRAN 1992 Molecular Data Base (Rothma
al., 1998). We used these SSP models to assign wavele
scales to the extracted spectra and to determine column
dens for the absorbing species in the Earth’s atmosp
primarily water and methane in this study. The atmosph
model is binned to the resolution of the comet spectrum,
malized, and scaled to the comet continuum level.

Figure 1 shows 5-row (1-arcsec) spectral extracts for e
observation, centered on the gas emission peak. The da
line is the atmospheric model fit. The difference betw
the atmospheric fit and the observed comet spectrum g
the residual cometary emission spectrum, convolved
the atmospheric transmittance function (shown below e
spectrum in Fig. 1). Methane emission lines are labeled.
3-σ uncertainty level at the Doppler-shifted position for C4
is indicated on each plot. The deep atmospheric absor
lines are due primarily to water (2ν2 band) and methane
Cometary OH* (1–0) prompt emission lines (Mumma et
2001a), as well as the R1 and R0 lines of CH4, are clearly
seen in emission in NIRSPEC spectra (Fig. 1b).

Production rates (in molecules s−1) are calculated by as
suming the idealized case of spherically symmetric outfl
at uniform velocity,vgas= 0.8R−0.5

h km s−1. The only ex-
ception to this was the high production rate comet Ha
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(a)

Fig. 1. Spectra for each comet observed in this study. (a) shows CSHELL spectra of comets Hyakutake, Hale–Bopp, McNaught–Hartley, and Ikeya–Zhang, and (b) shows NIRSPEC (KL2 setting, order 23)
spectra of comets Lee, S4, WM1, and A2. Doppler-shifted positions of the appropriate lines of methane are indicated, as well as the OH* emissions where applicable. The dashed line is the atmospheric model
fit. Underneath the spectra are the residuals determined by subtracting the atmospheric fit from the comet spectrum. The 3-σ uncertainty level at the Doppler-shifted CH4 position is indicated.
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ke on
d line is a
Fig. 2. Sample production rate growth curves (Q-curves) for CH4 in comets Lee on 21.6 August, A2 on 10.5 July, Hale–Bopp on 1.0 May, and Hyakuta
12.2 April. TheQ-curve was generated by stepping 1× 1-arcsec extracts averaged east and west of the nucleus over the range in Table 3. The dashe
best fit to the weighted average of these symmetric production rates (∗), resulting in the global spherical production rates reported in Table 3.
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Bopp where radio observations indicatevgas = 1.1R−0.5
h

km s−1 (Biver et al., 1999).
A symmetricQ-curve is constructed from the mean em

sion intensity to either side of the nucleus measured
1-arcsec intervals along the spatial direction of the slit
cording to:

(1)Q= 4π∆2Fi

giτ (hcν)f (x)
,

(see Dello Russo et al., 1998, 2000, Magee-Sauer e
1999; and DiSanti et al., 2001 for more details). Here∆ is
the geocentric distance in meters,hcν is the energy (J) of a
photon with wavenumberν (cm−1), f (x) is the fraction of
molecules expected in the sampled region (see append
Hoban et al., 1991), andFi is the flux (W m−2) from line i
incident on the terrestrial atmosphere. The photodissocia
lifetime (τ ) is taken to be 1.32× 105 s for CH4 (Huebner et
al., 1992), andgi is the line fluorescence efficiency (photo
s−1 molecule−1), both of which are calculated for a helio
centric distance of 1 AU. OurQ-curves increase with dis
tance from the nucleus due to seeing, comet drift, and o
observing factors, until a terminal value is reached, wh
we take to be the “global” production rate. The ratio betwe
the terminal production rate and the nucleus-centered v
is typically 3–4 for CSHELL observations and 1.5–2.5
NIRSPEC observations. This methodology is used to a
lyze all our molecular emissions, including the OH* quadru-
plet discussed below. ExampleQ-curves for both NIRSPEC
,

f

and CSHELL data are shown in Fig. 2. The NIRSPECQ-
curves (Lee on August 21 and A2 on 10 July) combine b
the R0 and R1 lines to improve signal-to-noise. When us
this method, the derived production rates are less sens
to seeing, drift of the comet perpendicular to the slit, a
potential optical depth effects.

Opacity effects were evaluated following the method
ogy outlined in DiSanti et al. (2001) for calculating the cr
ical radius (Rc) at whichτ = 1 at line-center. We find tha
CH4 optical depth effects are not important for any com
in this paper. The worst case scenarios are for Hyakutak
UT 24 March due to its close proximity to Earth and Ha
Bopp on 24 February owing to the high production rate.
calculateRc < 0.2 and 4 km (corresponding to 0.003 a
0.004 arcsec) for R0 in Hyakutake and Hale–Bopp, res
tively. This is well within the central 0.2-arcsec pixel f
each comet.

3. A fluorescence model for CH4

Methane is a symmetric tetrahedral hydrocarbon. It la
a permanent dipole moment and hence has no pure rotat
lines and cannot be observed at radio wavelengths. It
does not fluoresce efficiently at visible or UV wavelengt
Determination of CH4 production rates in comets is ther
fore dependent on observations of ro-vibrational transiti
in the infrared. The strongest of these is theν3 band near
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Fig. 3. An energy level diagram for methane showing the R0, R1, R2, P2, and P3 transitions for all three spin states.
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3.3 µm. To analyze our data, we need to know the fluo
cence efficiency (g-factor) of each observed methane tran
tion for a wide range of rotational temperatures appropr
to cometary comae. These are expected to range from
than 50 to 150 K (or perhaps higher). Toward this end,
developed a fluorescence emission model for the methaν3
band.

The CH4 molecule has three non-combining spin spec
labeled A, E, and F with equilibrium statistical weights
5, 2, and 3, respectively. The A and F spin species
comprised of A1, A2 and F1, F2, respectively. The only
transitions allowed under electric-dipole selection rules
A1 ↔ A2, E↔ E, and F1 ↔ F2 with selection rules�J = 0,
±1 and�R = 0 (whereR is the rotational angular mome
tum). Figure 3 shows an energy level diagram for the
R1, R2, P2, and P3 lines. The A, E, and F ladders are sh
separately.

Our CH4 model calculatesg-factors by assuming tha
the lower state rotational populations are in local therm
dynamic equilibrium at a rotational temperature (Trot):

(2)n= ωj exp(−hcν/kT )/Z(T ),
whereωJ is the statistical weight andZ is the partition
function at temperatureT = Trot. The rotational partition
functions for each spin species are given in Fox (1970).
g-factor is determined (atRh = 1 AU) using

(3)glu = ρ�Blun,

whereρ� is the solar flux at 1 AU (3.306× 1013 photons
cm−2 s−1 (cm−1)−1 near 3.3 µm based on a solar brightn
s

temperature of 5760 K) andBlu is the Einstein absorptio
coefficient given by

(4)Blu = Sline(T )/f (T ),

whereSline is the line strength andf is the fractional popu
lation in thev = 0 rotational level atT . The temperature
independentg-factor for theν3 band is determined to b
3.54× 10−4 photons molecule−1 s−1. This excludes contri
butions from possible cascade into theν3 level from higher
lying vibrational states (e.g.,ν3+ν4−ν3). The line strengths
at 296 K are taken from the HITRAN database (McClatc
et al., 1973; Rothman et al., 1998). The resultingg-factors
for select lines and rotational temperatures appropriate
comet observations (50–150 K) are given in Table 2.
cause we cannot resolve the blended spin states in our o
vations of the P2 line, it is treated as a single line having
sum of the appropriateg-factors.

We do not observe enough lines to adequately sampl
distribution of rotational populations, and so we are not a
to derive accurate rotational temperatures for CH4. While up
to four lines were observed in two comets (R0, R1, P2
in Hyakutake and Lee), the observations were taken at
ferent times and with different grating settings. Hence, t
are subject to calibration uncertainties and possible va
tions in cometary activity, both of which hinder rotation
analysis. The R0 and R1 lines, observed simultaneously
NIRSPEC, have a small difference in lower state ene
(Table 2), hence the ratio of their intensities is not very s
sitive to rotational temperature for values ofTrot expected
in the coma. The P3 line is blended with emission from
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Table 2
CH4 ν3 g-factors

Transition ν0 (cm−1) El
a (cm−1) g-factors*

50 K 75 K 100 K 125 K 150 K

R0 (A1-A2) 3028.752 0.00 4.316 2.383 1.557 1.118 0.8525

R1 (F1-F2) 3038.499 10.48 3.153 1.925 1.322 0.9787 0.7615

R2 (F2-F1) 3048.153 31.44 2.444 1.824 1.386 1.090 0.8827
(E-E) 3048.169 1.629 1.216 0.9240 0.7264 0.5884

P2 (F2-F1) 2998.994 31.44 0.9797 0.7312 0.5556 0.4367 0.3537
(E-E) 2999.060 0.6524 0.4869 0.3700 0.2908 0.2356

P3 (A2-A1) 2988.795 62.88 1.080 1.090 0.9627 0.8285 0.7127
(F2-F1) 2988.932 0.6518 0.6564 0.5795 0.4984 0.4287
(F1-F2) 2989.033 0.6513 0.6570 0.5804 0.4995 0.4297

P4 (F2-F1) 2978.650 104.78 0.2713 0.4055 0.4366 0.4232 0.3942
(E-E) 2978.848 0.1801 0.2705 0.2918 0.2831 0.2639
(F1-F2) 2978.920 0.2697 0.4057 0.4377 0.4247 0.3959
(A1-A2) 2979.012 0.4470 0.6742 0.7282 0.7069 0.6591

* In units of 10−5 photons molecule−1 s−1.
a Lower state energy.
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CH3OH ν2 band. However, the degree of contamination
CH3OH cannot be determined since there exists no s
factory low-temperature fluorescence model for this b
of methanol. For this reason, P3 is not used in our an
sis. We therefore adopt rotational temperatures derived f
analysis of CO, HCN, and H2O. It is unknown whether col
lisions will equilibrateTrot in CH4 with that found for other
molecules. However, analyses of relativeQ-branch intensi-
ties for theν7 band (Dello Russo et al., 2001) of C2H6 (also
an apolar molecule) are consistent withTrot found for these
molecules, suggesting that this is a reasonable assump
Further, our analysis of molecules having a wide range
dipole moments indicates thatTrot is not sensitive to the de
gree of molecular polarity (e.g., CO and HCN can typica
be characterized by a similarTrot even though their dipole
moments differ by a factor of nearly 30). The derived ro
tional temperatures range from∼ 50 to 150 K for the Oort
cloud comets in our sample.

We also investigated the effect of varying spin tempe
ture in our model. R0 and R1 sample different spin spe
(A and F, respectively), and the ratio of their intensities
dependent on both rotational temperature and spin temp
ture. Figure 4 shows the ratio of the F and A spin state
a function ofTspin. The uncertainty inTrot for each comet is
typically about 10 K (Table 3). This results in 10 and 20
uncertainties in the predicted intensity ratios for R0 and
for temperatures of 150 and 50 K, respectively. Including
stochastic noise and calibration uncertainties (for CSHE
only), our total uncertainty is typically 20–30%. When w
analyze the R0 and R1 lines separately, we find the ra
of line intensities to be consistent with statistical equil
rium to within 1-σ . According to Fig. 4, this corresponds
Tspin> 40 K. However, a 1-σ uncertainty of 10% in R1/R0
is consistent with a spin temperature greater than∼ 30 K,
and a 20% uncertainty is consistent with a spin tempera
.

-

Fig. 4. The relative populations of F and A spin states (F/A) are shown
function ofTspin.

greater than∼ 25 K. More methane lines need to be o
served and rotational temperatures better constrained b
the spin temperature of methane in comets can be establ
definitively.

4. Methane in comets

Our production rates for CH4 are reported in Table 3
along with the rotational temperatures used to calcu
them. The 1-σ uncertainties in Q(CH4) Table 3 include sto
chastic error and uncertainties in rotational temperatur
discussed above. CSHELL observations include an a
tional 10% uncertainty in flux calibration. Relative abu
dances obtained with NIRSPEC are better constrained s
methane and water were observed simultaneously, elim
ing calibration uncertainties. In a few cases, the calibra
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Table 3
CH4 mixing ratios

Comet Date Line Trot
a Fluxh Aperture Q(CH4)b Q(H2O)a CO/H2Oc CH4/CO CH4/H2O

(UT) (arcsec) (× 1026) (× 1028) (%) (%)
Hyakutake

24.4 March 1996

R0

60(5)

86.1 2–8 38.6(7.1)

25.4(2.5) 17.3(2.0)
0.08(0.01)
0.04(0.01)

1.52(0.32)
(East) (2.3) 20.2(4.4) 0.80(0.19)d

R1 56.2 2–8 32.7(6.2) 1.29(0.28)
(East) (3.7) 18.4(3.8) 0.72(0.16)d

10.2 April 1996 P2f 90(10) 8.86 2–8 34.5(6.7) 41.7(4.2) 13.9(2.5) 0.06(0.01)0.83(0.18)
(0.81)

12.2 April 1996

R0

100(10)

10.9 2–8 29.2(5.5)

39.9(7.6) 15.7(3.2) 0.05(0.01)

0.73(0.20)
(0.56)

R1 10.6 2–8 32.2(6.0) 0.81(0.22)
(0.82)

P2f 13.0 2–8 47.9(9.9) 1.20(0.36)
(0.84)

Hale–Bopp 24.2 February 1997 R0 90(10) 61.4 2–8 837(153) 889(89) 9.9(1.0) 0.09(0.02) 0.94(0.20)e

(1.3)

30.0 April 1997

R0

90(10)

70.1 2–8 1048(189)

676(33) 14.4(0.8) 0.10(0.01)

1.55(0.29)
(0.76)

R1 50.7 2–8 879(186) 1.30(0.28)
(4.8)

1.0 May 1997 R0 90(10) 76.7 2–8 1118(202) 743(41) 12.9(0.8) 0.12(0.02)1.50(0.28)
(2.9)

Lee 19.6 August 1999 R0+ R1 75(10) 3.02 0.5–3.5 18.4(4.2) 11.6(1.2) 2.0(0.3) 0.8(0.2) 1.59(0.25)
(0.94)

21.6 August 1999 R0+ R1 75(10) 2.66 0.5–3.5 16.2(3.2) 12.6(1.0) 1.8(0.2) 0.7(0.1) 1.29(0.27)g

(0.09) 13(1)*

S4 13.6 July 2000 R0+ R1 70 0.50 0.5–3.5 1.0(0.3) 5.53(0.6) 0.45(0.34) 0.5(0.4) 0.18(0.06)
(0.09)

McNaught–Hartley 4.7 March 2001 R0 50(10) 1.3 2–5 8.1(3.0) 5.7(2.4) ∼ 17 ∼ 0.08 1.4(0.8)
(0.3)

A2 9.5 July 2001 R0+ R1 85(10) 1.97 0.5–3.5 3.23(0.65) 3.11(0.24) 1.04(0.22)
(0.15) 3.1(0.4)*

10.5 July 2001 R0+ R1 85(10) 2.99 0.5–3.5 5.15(0.99) 3.46(0.34) ∼ 4 1.49(0.32)
(0.24) 3.2(0.4)* ∼ 0.7FUSE

WM1 23.3 November 2001 R0+ R1 50i 0.62 0.5–3.5 0.86(0.17) 2.5(0.3)* 0.34(0.08)
(0.03)

Ikeya–Zhang

21.9 March 2002

R0

140(10)

8.7 2–8 36.3(5.8)

66(5) ∼ 4.7 0.12

0.55(0.10)
(1.1)

R1 7.4 2–8 35.0(8.5) 0.53(0.13)
(0.7)

22.9 March 2002 R1 140(10) 9.5 2–8 43.9(7.5) 95(13) 0.46(0.10)
(0.8)

Note: Our production rates are determined from mean emission intensities on either side of the nucleus measured in 1-arcsec intervals over the aperture
indicated above. This information can be obtained in tabular form by contacting ELG.

* From OH lines.
a References forQ(H2O) andTrot: Hyakutake (Dello Russo et al., 2002); Hale–Bopp (Dello Russo et al., 2000); Lee (Mumma et al., 2001b); S4 (Mumma

et al., 2001a); Ikeya–Zhang (Dello Russo et al., 2003); WM1 water production rates are from the OH* quadruplet; A2 values are from OH* quadruplet and
(Dello Russo et al., in preparation); McNaught–Hartley (Mumma et al., 2001c; DiSanti et al., in preparation).

b 15% was added to CSHELL data to compensate for emission outside the 5 column extract.
c References for native CO/H2O: Hyakutake (DiSanti et al., 2003); Hale–Bopp (DiSanti et al., 2001); Lee (Mumma et al., 2001b); S4 (Mumma et al.,

2001a); McNaught–Hartley (Mumma et al., 2001c); A2 (Feldman et al., 2002) (FUSE), (DiSanti et al., in preparation); Ikeya–Zhang (DiSanti et al., 2002);
WM1 is still under analysis but preliminary reductions indicate that this comet is depleted in CO (DiSanti et al., in preparation).

d Due to apparent short-term asymmetry west of the nucleus during the time of the CH4 observations, the production rate of CH4 may be artificially
enhanced with respect to water. The lower production rate (in italics) is found by generating aQ curve only on the points east of the nucleus.

e The water production rate on 24.2 February is significantly higher than predicted by the water production evolution curve derived in Dello Russo et al.
(2000). If the heliocentric fit value forQH2O is used, thenQCH4/QH2O = 1.23± 0.26%.

f The P2 line has 2 unresolved components. The atmospheric transmittance was found at the Doppler shifted position of each component to be the same
within 2%. In this case we used an average transmittance and summed theg-factors of the two components to derive a production rate.

g This value is significantly different from the 0.8% previously reported in Mumma et al. (2001b), due primarily to an improved atmospheric model fit for
the methane lines. Also, the assumedg-factor was 13% larger than that determined by our current model.

h Total transmittance corrected line flux (10−18 W m−2) in the aperture indicated and centered on the peak of the CH4 emission.
i Assumed.
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star may not have been centered in the slit or the se
was poor during a stellar observation. Both effects can
crease uncertainties associated with correcting for slit los
In these cases, the calibration from another night on the s
observing run was used.

Whenever possible, water production rates were obta
from H2O spectral lines measured directly near 5, 2.9,
2 µm. These non-resonant fluorescent transitions are
cited from the ground vibrational level by optical pumpi
and they terminate on states that are only sparsely p
lated (and hence are only weakly absorbing) in the ter
trial atmosphere. Their physics is well understood, and
routinely use them to determine water production rate
comets (e.g., Mumma et al., 1996; Dello Russo et al., 20

We also inferred water production rates from prom
emission in the OH* quadruplet near 3045 cm−1 (these lines
fall in the same spectral order as the CH4 R0 and R1 lines
see Fig. 1). This OH* quadruplet is a set of highJ (v′ = 1,
J ′ = 11.5 and 12.5) lines that result from dissociation of w
ter by UV photolysis. Once produced, they promptly e
at infrared wavelengths. The resulting P-branch emis
forms a set of quadruplets in a wide range of rotational st
spanning much of the L-band. Their spatial profile tra
that of the parent (H2O, see Fig. 5). Hence, they shou
provide a good proxy for the water production rate. The
fective g-factor for this multiplet of OH* was inferred in
comet Lee to be 2× 10−7 molecules s−1 at Rh = 1 AU
(Mumma et al., 2001b). We assume this value to be the s
in other comets, independent of the H2O rotational temper
ature. When available, both values for the water produc
rate are quoted, and they are usually found to be in ag
ment (see Table 3).

C/1996 B2 (Hyakutake)
We report detections of CH4 in Hyakutake with CSHELL

on three dates in 1996. On 24.4 March and 12.2 April, str
emissions due to both the R0 and R1 lines were detec
Additionally, the P2 line was observed on 10.2 and 1
April. The April dates are consistent with 0.8% CH4 (all
abundances are given with respect to water unless othe
noted).

From Table 3, it might be inferred that Hyakutake v
ied significantly between the March and April observatio
with the mixing ratio in March nearly twice that found
April. We note, however, the presence of an asymmetric
flow during the earlier observations on 24.4 March (De
Russo et al., 2002; DiSanti et al., 2003). This can be s
in the bottom panel of Fig. 5, which shows the spatial p
file of the CH4 R0 line (solid line) compared to that of th
dust emission (dashed line). The R0 profile is extende
the west, but it matches the eastern component of the
profile. In contrast, the spatial profile of methane in L
(top panel, solid line) matches that of the dust (dashed li
which is what we typically see in comets. We also typica
find that the CH4 spatial profile matches those of other nat
species such as water and C2H6, both of which are consis
.

-

-

.

t

Fig. 5. Spatial profiles of dust (dashed line) and CH4 (solid line) emission
in comet Lee (combined R0 and R1 lines) on 21.6 August, 1999 (top)
Hyakutake (R0 line only) on 24.4 March, 1996 (bottom). Also shown is
OH prompt emission (∗) profile in Lee which matches the profiles for n
tive gases like CH4. This is typically the case. CH4 in Hyakutake shows
substantial excess in emission west of the nucleus-centered position,
bly indicating the presence of a short-term jet phenomenon at the tim
the observation (see text).

tent with release solely from the nucleus for all comets
our database (Dello Russo et al., 2002).

We suspect this behavior may be related to the proxim
of Hyakutake to Earth (0.106 AU) in late March 1996 as w
as its rapid rotation. At this distance, and assuming an
flow velocity of ∼ 800 m s−1, material leaving the nucleu
can traverse the length of the slit in less than 25 minutes
the time water was observed (> 75 minutes after the CH4 R1
line and> 35 minutes after the CH4 R0 line), the gas emis
sion profile more closely matched that of the dust, with j
a minor enhancement to the west. A short-term westward
crease in activity could explain the apparent enhancem
Rotation of a jet out of the field of view could also expla
the differences in the CH4 profile relative to those observe
later in the day (Dello Russo et al., 2002). This behav
is not inconsistent with the fast rotation period in Mar
(6.23 hours) determined by Schleicher et al. (1998). Ass
ing this rotation period, the comet will have rotated> 72
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degrees and> 34 degrees between the CH4 R1 and R0 ex-
posures, respectively, and the first water exposure. Th
column containing an enhanced number of molecules (
a jet) could have rotated out of the slit in the time betw
the methane and water exposures. DiSanti et al. (2003)
discuss evidence for variations in CO on this date.

If the production rate for CH4 is determined only from
the points east of the nucleus, the mixing ratio is found to
in agreement with the April dates. Since the enhanced
ing ratio in March (in the east-west mean) could poss
be explained by a jet or a short-term enhancement in a
ity that is not apparent in the later water exposures, we
neither prove nor disprove the existence of heterogenei
the methane mixing ratio in Hyakutake based on the 2
March observations. A detailed analysis of the 24.4 Ma
data set, which is beyond the scope of this paper, woul
required to answer these questions. This illustrates tha
must be cautious when interpreting mixing ratios for mo
cules that are not observed simultaneously, as is often
case for CSHELL observations. Water and CH4 are observed
simultaneously with NIRSPEC, alleviating such uncerta
ties.

C/1995 O1 (Hale–Bopp)
CH4 was observed in Hale–Bopp on 24.2 February, 3

April and 1.0 May 1997. The R0 line was observed on
dates and the R1 line only on 30.0 April. The 24.2 Feb
ary data result in a lower mixing ratio, but the water p
duction rate was significantly higher than predicted by
heliocentric fit toQ(H2O) in Dello Russo et al. (2000
Magee-Sauer et al. (1999) also noted a lower mixing r
for HCN on this date if the observed production rate for w
ter was used. If the heliocentric fit value forQH2O is used,
thenQCH4/QH2O = 1.23± 0.26%, consistent with that de
termined from the April and May observation. Hale–Bo
was one of the comets most enriched in CH4, in addition to
being very rich in CO (DiSanti et al., 2001).

C/1999 H1 (Lee)
Results for R0 and R1 are reported for two dates (19.6

21.6 August 1999) in comet Lee, the first comet obser
with NIRSPEC. We determine a mixing ratio of∼ 1.45%,
which makes Lee, along with Hale–Bopp, the richest C4
comets (we note that this value is significantly higher t
that reported in Mumma et al. (2001b), see note to Table
Lee is also notable for having the highest CH4/CO ratio ob-
served to date, more than double that determined for
other comet in our data set, due to its combination of
pleted CO and abundant CH4.

C/1999 S4 (LINEAR)
S4 was observed with NIRSPEC on one night (13.6 J

2000) prior to its complete disruption later that month. B
the R0 and R1 lines are clearly visible (Fig. 1), though q
weak when compared to the other comets. This comet
the lowest CH4/H2O ratio of any other Oort cloud comet o
,

served to date and was found to be depleted in other vola
as well (Mumma et al., 2001a), consistent with a warmer
mation temperature, perhaps in the Jupiter/Saturn regio
the protoplanetary disk.

C/1999 T1 (McNaught–Hartley)
A single line of R0 was detected in McNaught–Hart

using CSHELL on 4.7 March 2001. The water product
rate for 13 January 2001 was reported by Mumma e
(2001c), along with a CH4 upper limit of 1.6%. Prelimi-
nary water production rates for 4/5 March (5.7(2.4)× 1028

molecules s−1, DiSanti et al., in preparation) are consiste
with what is derived by assuming an insolation limited
liocentric dependence (∼ 5 × 1028 molecules s−1) based on
the 13 January water production rate. Both the direct
extrapolated values forQ(H2O) result in a mixing ratio o
∼ 1.5(0.8)%. While the signal-to-noise (∼ 6) of the R0 line
is somewhat low, McNaught–Hartley is likely not a lo
methane (< 0.5%) comet.

C/2001 A2 (LINEAR)
A2, observed on 9.5 and 10.5 July 2001, exhibited s

eral outbursts associated with major disruptions of the
cleus prior to our observations (Mattiazzo et al., 20
Seargent et al., 2001; Hergenrother et al., 2001). This
sented an opportunity to potentially investigate the co
position of freshly exposed material from the interior o
comet nucleus. The mixing ratios, while suggestive of
increase between these two dates, are consistent to w
the 1-σ uncertainty. A CO production rate of∼ 1.3 × 1027

molecules s−1 was reported by Feldman et al. (2002)
12 July 2001 using the Far Ultraviolet Spectroscopic
plorer (FUSE). Their value is consistent with our prelim
nary CO production rate, though their water production
(2± 1× 1029 s−1) does not agree with the values we obt
from either the OH* quadruplet (this work) or from H2O hot
band emission (Dello Russo et al., in preparation; see
ble 3). They determineQ(CO)/Q(H2O) ≈ 0.7% (compared
to the∼ 4% determined from our preliminary analysis).
must be pointed out that the FUSE observations occu
during an outburst, and it is possible that the mixing ra
for CO changed between the two observations. Nonethe
CO appears to be somewhat depleted in A2 (< 4%), while
no such depletion in CH4 is observed.

C/2000 WM1 (LINEAR)
WM1 was a dynamically new comet for which we rep

CH4 detections on 23.3 November 2001. We assumeTrot =
50 K, consistent with preliminary data analysis. WM1 ap-
pears to be somewhat depleted in CH4, though not to the ex
tent of comet S4, and preliminary analysis indicates that
comet is also depleted in CO (DiSanti et al., in preparati

153/P Ikeya–Zhang (C/2002 C1)
Comet Ikeya–Zhang was, at its brightest, available

daytime observing with CSHELL. CH4 was measured o
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two dates in March 2002 during exceptional observing c
ditions. The R1 line was detected on both 21.9 and 2
March. The R0 line was observed on 21 March. Ikey
Zhang was somewhat depleted, with about 0.5% CH4, or
∼ 10% the abundance of CO. Other volatiles were in
range typically found for most comets (DiSanti et al., 20
Dello Russo et al., 2002; Magee-Sauer et al., 2002). T
comet was also observed with the Infrared Camera and S
trograph (IRCS) at Subaru by Kawakita et al. (2003) on 2
and 29.3 May using similar observing and reduction p
tocols. While they did not measure water, their CH4/C2H6
ratio is consistent with ours (∼ 0.82).

4.1. Discussion: methane in Oort cloud comets

It is immediately obvious from Table 3 that the abu
dance of CH4 relative to water varies among our samp
of comets, with extreme mixing ratios differing by nea
an order of magnitude. This is graphically evident in Fig
which shows the CH4 R1 line and two of the OH* quadru
plet lines, corrected for geocentric Doppler shift, in a sam
of three comets: Lee (21.6 August), WM1 (23.3 Novem-
ber), and S4 (13.6 July). Each spectrum was corrected
atmospheric transmittance at the Doppler-shifted line-ce
frequencies and was scaled to bring the integrated inte
over its OH* lines to a common value. Since these th
comets exhibit comparable rotational temperatures (for
HCN, H2O, and C2H6), this difference in relative CH4 line
intensities probably represents true variations in mixing
tios. The weakest CH4 R1 line is in comet S4, which i
depleted in all measured organic species (Mumma et
2001a). WM1 and Ikeya–Zhang are also somewhat deple
in CH4, though not to the extent of S4. Hale–Bopp, Hyak
-

take, A2, McNaught–Hartley and Lee all seem to have C4
abundances in the range∼ 0.8–1.5% relative to water. Thes
are consistent with abundances seen in icy grain mantl
massive star forming regions (Boogert et al., 1996).

One noticeable trend can be seen in the CH4/H2O mix-
ing ratio among comets. Figure 7 shows a weighted ave
of mixing ratios in comets based on the data in Table
On dates with unusual circumstances (24.4 March 1996
Hyakutake and 24.2 February 1997 for Hale–Bopp), no
data were averaged. The Hyakutake average is calculate
ing the April dates and only the eastern emission on 2
March since these data exhibit an unusual westward
hancement (discussed above). Only the April data were
for the Hale–Bopp average since the apparently enha
water production rate on 24.2 February resulted in lo
mixing ratios for many species (Dello Russo et al., 20
Magee-Sauer et al., 1999).

It is apparent from Fig. 7 that our data do not show a cle
cut boundary between “methane-poor” and “methane-r
comets. These results suggest a fairly continuous dist
tion of mixing ratios for methane among Oort cloud com
observed to date. This differs from most other molecules
served at infrared wavelengths. Ethane, for example, h
mixing ratio of about 0.6–0.7% reported for most com
observed to date, with S4 and A2 being the only except
so far (Dello Russo et al., 2001, 2002). Native CO in t
same sample of comets is found to be� 5% in some comet
and> 10% in others (DiSanti et al., 2001, 2002; Mumma
al., 2001a, 2001b, 2001c), with an apparent absence o
termediate CO mixing ratios. HCN varies by a factor of fo
among the comets observed so far, but is found to be aro
0.2% relative to water for the majority of them (Mage
Sauer et al., 2001, 2002 and references therein; Mum
e
Fig. 6. Plot showing the relative intensities of the R1 CH4 line to OH prompt emission (OH* ) in comets Lee (top), WM1 (middle), and S4 (bottom). Th
spectra have been shifted to the comet’s rest frequency, corrected for atmospheric transmittance, and scaled to bring the integrated intensity overthe OH* lines
(representing water, see text) to a common value. This shows that there are substantial variations in CH4/H2O ratio among our sample of comets.
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Fig. 7. The mixing ratio of CH4/H2O in all eight Oort cloud comets. For comets observed multiple times, the values shown are a weighted average of the
mixing ratios in Table 3. Only the April data were used for Hale–Bopp and the western emission component was omitted in the March dates for Hyakutake,
as discussed in Section 4.

Fig. 8. A plot of CH4 vs. CO mixing ratios. The figure shows that the two hypervolatiles do not appear to be correlated. While comets depleted in CH4
(< 0.5%) have not been observed to be rich in CO(> 10%), comets with 0.5–1.5% CH4 comprise both the low- and high-CO comets. Of particular interest
is comet Lee with nearly the same mixing ratio for both CO and CH4, whereas the CH4/CO ratio is< 0.3 for the remaining comets in our data set. A possible
exception is A2 where FUSE results give 0.7% CO (∼ 5 times lower than our preliminary reductions, hence the arrow on the plot indicating that CO mixing
ratio is less than∼ 4%). Clearly A2 is not among the CO-rich comets. Uncertainties in the CO mixing ratio for McNaught–Hartley have not been reported.
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et al., 2001b). Our results reveal significant variations
CH4/H2O among Oort cloud comets, and they demonst
that measurements of many more comets are required
fore general statements concerning trends in parent vo
abundances among the OC population can be discerned

4.2. Heterogeneity

One unanswered question in cometary science is the
tent to which a cometary nucleus is heterogeneous. Ra
transport mechanisms within the protoplanetary disk co
have resulted in cometesimals that formed at different r
sticking together to form a single comet, giving a body co
prised of smaller units of varying composition. We have m
tiple observations of many comets taken at different tim
but we do not, within the uncertainty, see conclusive e
dence of heterogeneity in the data presented here. The
ferences seen in A2 between 9.5 and 10.5 July are sugge
of such heterogeneity (Gibb et al., in preparation).

5. Interstellar and nebular comparisons

It has been suggested that if temperature alone contr
the composition of pre-cometary ices, then the two co
parably hypervolatile species CH4 and CO (sublimating a
31 and 24 K, respectively; Crovisier and Encrenaz, 20
should be correlated. It is immediately apparent from Tab
and Fig. 8 that the mixing ratios for native CO and CH4 show
no apparent correlation. While no comets depleted in C4
(< 0.5%) have yet been observed to have high CO(> 10%)
mixing ratios, comets with 0.5–1.5% CH4 comprise both the
low and high CO comets. This result is surprising if the
mantles coating pre-cometary grains accreted at a spe
temperature in the protoplanetary disk since both CH4 and
CO would be expected to condense under similar conditi
This would argue against temperature as the dominant
tor, at least in determining the abundances of hypervola
in comets. To explain the observed composition, we m
therefore explore other options.

What does determine the hypervolatile abundance
a comet? That may depend on the extent to which
cometary grains retained their icy mantles, on mechan
of gas-phase production and destruction, and on detai
trapping or recondensing of gas onto grain surfaces.
dial transport mechanisms within the disk may have pla
an important role as well. It must also be kept in mi
that the chemistry and physics of the protoplanetary ne
were time dependent. Cometary composition may depen
“when” as well as “where” a comet formed.

Desorption may occur initially via shock heating of i
falling interstellar grains upon impact with the gas of t
protoplanetary disk. The degree to which the grain is he
depends on the density of material it is impacting and he
on the radial distance from the young Sun. According
current models, dust infalling beyond∼ 30 AU may have
-

l

-
e

entered the protoplanetary disk gently enough to retain m
of the polar ice mantle (Neufeld and Hollenbach, 19
Chick and Cassen, 1997) while grains inward of 30
would have lost their volatiles.

Once within the protoplanetary disk, grains were s
ject to viscous heating, which would have been more se
closer to the young Sun. For grains within∼ 10 AU, the tem-
peratures during the time of comet formation may have b
too warm to condense hypervolatiles such as CO and C4.
On the other hand, temperatures beyond 100 AU may n
have exceeded 20 K or so (Boss, 1998), permitting mos
the interstellar volatile ice mantle to be retained.

In the interstellar medium, the C–Hν4 deformation mode
of solid CH4 on icy grain mantles has been observed
7.67 µm in the envelopes of young stellar objects (YS
Boogert et al., 1996). The position and width of the
feature is consistent with the presence of CH4 in a polar
(H2O-rich) matrix, but not in the apolar (CO-rich) ice. Th
is consistent with formation of CH4 via hydrogen atom ad
dition to atomic C on the surface of the grain, analog
to the formation route for H2O. Further evidence for CH4
being formed by H-atom addition in a polar matrix is t
fact that CH4 gas in star-forming regions, unlike the CO g
is not observed to have a cold component consistent
its low (∼ 31 K) sublimation temperature. This is cons
tent with evaporation at the high (� 100 K) temperature
found in the hot cores of star forming regions (Booger
al., 1998). Thus, CH4 could have survived in grain man
tles at much higher temperatures than those implied b
31 K evaporation temperature. If the polar mantle was c
pletely evaporated in warmer regions, retained in regi
where the temperature never exceeded∼ 100 K, and par-
tially evaporated in intermediate regions, this could have
to distance dependent variability of solid (and gaseous) C4
in the young disk.

Transport mechanisms are also thought to have pla
a significant role in the chemistry of the protoplanet
disk. Some grains must have been exposed to high tem
tures, as evidenced by the discovery of crystalline silicate
comets (Campins and Ryan, 1989; Hanner et al., 1997). S
grains would have lost their original ice mantles and accre
new ones from the gas phase after turbulent mixing tra
ported them to a region where temperatures were sufficie
low. The analyses of Wooden et al. (1999), Colangeli e
(1999), and Crovisier et al. (2000) suggest that crystal
silicates were a significant (in some cases dominant)
tributor to the total silicate inventory of Hale–Bopp. This im
plies efficient outward turbulent mixing of material from t
inner nebula (Bockelée-Morvan, 2002). Likewise, viscos
driven radial migration may have taken material rich in
from the outer disk (beyond 100 AU) and transported it
ward. If the temperatures of these grains remained lo
significant fraction of pristine interstellar material may ha
been retained. Hence, there may have been substantial
ing of methane-rich and methane-poor grains through m
of the giant-planet region.
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In addition to thermal and transport considerations, th
are also models for methods of formation or destruction
CH4 in the nebula. It has been proposed that a poss
formation route for methane was through Fischer–Trop
catalysis between 1 and 5 AU (Kress and Tielens, 20
or by carbon dust oxidation in the inner disk near 0.5
(Gail, 2002). If turbulent mixing was as efficient as im
plied by interpretations of crystalline silicates in Hale–Bo
(Bockelée-Morvan, 2002), then any CH4 that formed in the
inner nebula could also have been transported to com
formation distances.

As the disk cooled, volatile constituents may have b
trapped in the form of clathrate hydrates. Iro et al. (20
suggest that all CH4 would be easily trapped throughout t
giant-planet region. This scenario could explain the obse
variability in CO but does not explain the observed varia
ity in CH4. However, while in the gas phase, CH4 could have
undergone destructive ion-molecule reactions (Aikawa e
1999), and these could have significantly altered its ab
dance as a function of radial distance from the young Su
the re-condensed ice.

It would seem that low-methane (and low-CO) comets
consistent with formation at warm temperatures (like th
expected near the Jupiter/Saturn region) where a small4
(and CO) component may exist in a polar mantle, eithe
retention of original interstellar material or by trapping
clathrate hydrates. In the case of dynamically new com
depletion of methane may also be due in part to surface m
ification by cosmic rays during their extensive residency
the Oort cloud (Strazzulla and Baratta, 1992), assumin
course that the processed layer is not lost prior to the
servation. Comets that formed in cooler regions may h
retained some interstellar CH4 ice and could be further in
fluenced by transport within the disk and any gas phase
duction/destruction routes.

The different physical and chemical processes discu
above could help explain the variations in CH4 seen among
the comets observed to date. While not a comprehensive
this discussion serves to give a general idea of the condi
that may have influenced the volatile content of come
ices. Clearly, advances in modeling and a greater databa
observations are needed to fully explain the complex pic
of comet formation that is emerging.

6. Summary

We report abundances of CH4 in eight Oort cloud comet
based on our high-dispersion infrared spectra and our m
for fluorescent emission in theν3 band near 3.3 µm. Methan
mixing ratios vary among these comets, with nearly an
der of magnitude separating the most depleted and ric
sources observed to date. The results of this study indic
fairly continuous distribution of methane among Oort clo
comets ranging from∼ 0.15–1.5%. It will be interesting to
see if this trend survives as CH4 abundances are measur
-

,

f

l

t

for more comets. We also find the R0 and R1 line intens
to be consistent with statistical equilibrium, although s
temperatures of 25–30 K cannot be excluded at this p
CH4 clearly does not correlate with CO in our sample
Oort cloud comets, which seems to indicate that tempera
was not the dominant factor in controlling the hypervola
composition of comets.

Multiple observations of a comet on different dates m
be used to test for heterogeneity within the nucleus. We
no definitive evidence of heterogeneity in CH4 based on the
data presented in this paper.

Too little is known of the actual physical conditio
in protoplanetary disks to accurately predict comet ab
dances. However, it is clear that temperature, ion-mole
reactions, radial migration, or grain-surface reactions a
are insufficient to explain observations and that more
tailed model calculations and observations of disks
needed to understand the complex network of conditions
der which comets formed. With each new comet obser
more interesting and unusual discoveries are being m
about comet taxonomy, and we are adding to our unders
ing of the processes and conditions in the early solar ne
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