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ABSTRACT

We report time-resolved measurements of the absolute and relative abundances of eight parent volatiles (H2O,
CH3OH, C2H6, C2H2, NH3, HCN, H2CO, and HC3N) in the coma of 103P/Hartley 2 on UT 2010 November 4,
the date the EPOXI spacecraft made its closest approach to the comet, using high-dispersion infrared spectroscopy
with NIRSPEC at the W. M. Keck Observatory. Overall gas and dust production increased by roughly 60%
between UT 10:49 and 15:54. Differences in the spatial distributions of species in the coma suggest icy sources
of different composition in the nucleus of 103P/Hartley 2. However, differences in the relative abundances of
species with time are minor, suggesting either internal compositional heterogeneity in 103P/Hartley 2 is small
compared with the diversity of chemistry observed within the comet population, or more significant heterogeneity
exists on scales smaller than our spatial resolution. Observations contemporaneous with the EPOXI encounter test
how compositional heterogeneity over the surface and the inner coma of a comet manifests itself in remote-sensing
observations of the bulk coma.

Key words: astrochemistry – comets: general – comets: individual (103P/Hartley 2) – infrared: general –
molecular data – techniques: spectroscopic

1. BACKGROUND

Consistent with their formation in the cold outer regions of
the solar nebula, comet nuclei contain substantial amounts of
ice (volatiles). As primitive objects, the volatile composition of
comets is likely to provide key data on the formation and early
evolution of the solar system. To explore the connections among
the formation environment, subsequent chemical evolution, and
present composition of comets, efforts have been made to
develop a chemical taxonomy for comets (A’Hearn et al. 1995;
Bockelée-Morvan et al. 2005; Feldman et al. 2005; Fink 2009).
Jupiter-family comets are currently the most practical targets for
spacecraft missions, so their comprehensive study is especially
important in linking the global coma chemistry inferred from the
growing remote-sensing database to compositional information
on the spatially resolved nucleus and inner coma returned by in
situ missions.

Comet 103P/Hartley 2 (hereafter Hartley 2) is a Jupiter-
family comet of likely Kuiper Belt origin based on its short
orbital period (6.5 years) and low orbital inclination (13.◦6). The
2010 apparition provided the best observing conditions to date
for Hartley 2 as it made an extremely close approach to Earth.
As the target of the NASA EPOXI mission, Hartley 2 allowed for
ground-based measurements of gas production, parent volatile
inventory, and spatial distributions of volatiles in the coma to be
directly compared to in situ spectroscopic and imaging results.
We measured the volatile composition of Hartley 2 on multiple
nights using the Near-Infrared Spectrometer (NIRSPEC) at
the Keck II telescope on Mauna Kea, Hawaii (McLean et al.
1998). Data from UT 2010 November 4, covering the closest

∗ Based on observations obtained at the W. M. Keck Observatory, Mauna Kea,
HI, USA.

approach of the EPOXI spacecraft to the nucleus of Hartley 2,
are described here.

2. OBSERVATIONS

Hartley 2 provided an excellent opportunity to search for
chemical heterogeneity within a comet nucleus. Unlike the vast
majority of comets, Hartley 2 appears to be active over most
of its surface (Lamy et al. 2005; Tancredi et al. 2006; Lisse
et al. 2009; A’Hearn et al. 2011), with discrete areas of diverse
coma chemistry (A’Hearn et al. 2011). Radar observations,
later confirmed by the EPOXI flyby, showed an elongated
bilobate object (Harmon et al. 2011; A’Hearn et al. 2011)
perhaps suggesting major components of different origins.
Circumstances allowed the observation of Hartley 2 over a large
fraction of its rotational period (Knight et al. 2010; Harmon et al.
2011) within a single night. Thus, we adopted an observing
strategy to identify any variability of the absolute or relative
production rates and/or the spatial distributions of volatiles with
time.

For our observations of Hartley 2 we used a 24 × 0.432 arcsec
slit (2700 × 50 km projected at the comet), resulting in a
spectral resolving power (λ/Δλ) ∼ 28,000. NIRSPEC pixels
subtend 0.144 arcsec and 0.190 arcsec in the spectral and spatial
dimensions, respectively, resulting in a spatial resolution at the
comet of ∼22 km pixel−1 on UT November 4. However, the
practical spatial resolution is limited by the seeing which was
∼0.5 arcsec and relatively stable during the night.

Three grating settings were used during the night over five
distinct time intervals (Table 1). For each setting, spectra were
acquired using sequences of four scans with an integration
time of one-minute on-source per scan (four minutes for the
complete sequence). During a sequence of scans, the telescope
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Table 1
Composition of Parent Volatiles in the Coma of 103P/Hartley 2 on UT 2010 November 4

Molecules Sampled Lines Used Trot (K) Production Rate (1025 s−1) Relative Abundance

KL1A UT 10:49–11:30 24 minutes on-source Slit P.A. = 284◦
H2O 18 66 ( + 7/−6) 884 ± 109 100
CH3OH 21 75 12.6 ± 1.9 1.43 ± 0.19
C2H6 29 63 ( + 8

/−7) 5.55 ± 0.69 0.63 ± 0.07
C2H2 3 70 1.37 ± 0.23 0.15 ± 0.02
NH3 3 70 4.4 ± 1.1 0.50 ± 0.12

KL2 UT 11:37–12:55 44 minutes on-source Slit P.A. = 284◦
H2O 15 83 ( + 10/−6) 1120 ± 160 100
CH3OH 9 75 12.6 ± 1.6 1.13 ± 0.15
C2H6 16 70 ( + 7/−6) 7.30 ± 0.98 0.65 ± 0.09
C2H2 10 78 ( + 11/−9) 1.55 ± 0.23 0.14 ± 0.02
NH3 1 80 9.4 ± 1.9 0.84 ± 0.16
HCN 12 73 ± 3 3.06 ± 0.37 0.27 ± 0.03
H2CO 1 80 1.27 ± 0.23 0.11 ± 0.02

KL3 UT 13:33–14:43 40 minutes on-source Slit P.A. = 284◦
H2O 30 84 ( + 5/−4) 1270 ± 160 100
CH3OH 14 75 16.2 ± 2.1 1.28 ± 0.14
C2H6 5 80 10.2 ± 1.5 0.80 ± 0.11
C2H2 9 92 ( + 21/−14) 1.64 ± 0.31 0.13 ± 0.02
NH3 4 80 7.4 ± 2.1 0.58 ± 0.16
HCN 11 84 ( + 14/−11) 3.10 ± 0.39 0.24 ± 0.03
H2CO 1 80 1.41 ± 0.27 0.11 ± 0.02
HC3N 19 80 <0.31 <0.024

KL1B UT 14:50–15:17 16 minutes on-source Slit P.A. = 284◦
H2O 18 73 ( + 7/−6) 1400 ± 170 100
CH3OH 21 75 16.9 ± 2.0 1.21 ± 0.12
C2H6 29 68 ( + 9/−8) 10.1 ± 1.2 0.72 ± 0.07
C2H2 3 70 1.93 ± 0.36 0.14 ± 0.02
NH3 3 70 7.3 ± 2.3 0.52 ± 0.16

KL1C UT 15:20–15:54 20 minutes on-source Slit P.A. = 5◦
H2O 18 69 ( + 6/−5) 1380 ± 160 100
CH3OH 21 75 16.8 ± 2.0 1.22 ± 0.12
C2H6 29 63 ± 7 12.7 ± 1.5 0.92 ± 0.08
C2H2 3 70 2.21 ± 0.70 0.16 ± 0.05
NH3 3 70 8.1 ± 1.9 0.59 ± 0.14

Notes. The setting name, time interval, time on-source, and slit position angle are given. The heliocentric distance, geocentric distance,
and geocentric velocity were 1.064 AU, 0.156 AU, and +7 km s−1, respectively. The time of the EPOXI closest approach was UT
14:02 as observed from Earth. The total number of emission lines used to determine production rates and rotational temperatures for
each species are given. Assumed rotational temperatures are values listed without uncertainties.

was nodded 12 arcsec between A and B positions in an ABBA
pattern keeping the comet on-slit for all integrations.

3. DATA ANALYSIS

An extensive description of the data processing techniques is
given elsewhere (Bonev 2005; Dello Russo et al. 2006); only
the most relevant details are discussed here. Spectral frames
were registered such that the spectral and spatial dimensions
fell along rows and columns, respectively. Spectra were then
extracted over the desired spatial extent and position along the
slit (Figure 1). Atmospheric models were obtained using the
FASCOD3 transmittance model, an updated version of the orig-
inal FASCOD model (Clough et al. 1981, 1988) accessing the
HITRAN-2004 Molecular Database (Rothman et al. 2005). At-
mospheric models were used to assign wavelength scales to the
extracted spectra and to establish absolute column abundances
for each important absorbing species in the terrestrial atmo-
sphere. The synthetic transmittance model is scaled to contin-
uum points in regions of the comet spectrum that have high

atmospheric transmittance and are also free of any apparent
cometary molecular emissions.

The molecular emissions are isolated from the dust emission
by subtracting a modeled dust continuum from the comet spec-
trum row by row, yielding the net cometary molecular emission
intensities along the slit (still convolved with the atmospheric
transmittance function). The true line flux incident at the top
of the terrestrial atmosphere was determined within a given
aperture by dividing the observed flux by the monochromatic
transmittance at the Doppler-shifted line position.

Production rates, rotational temperatures, and ortho-to-para
ratios (OPRs) were derived from the column densities within
nucleus-centered extracts by applying a coma model assuming
spherically symmetric outflow with uniform velocity. Although
asymmetries will likely have a small residual effect on our global
production rates, this method has been shown to be a valid
approach to first order (Xie & Mumma 1996). Production rates
derived from nucleus-centered extracts are always low owing to
slit losses, so a correction (referred to as the “multiplicative
growth factor”) was applied using regions offset from the
nucleus where the model is less affected by slit losses. We
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Figure 1. Spectra and spatial distributions of volatiles and dust in 103P/Hartley 2 on UT 2010 November 4. The three sets of panels correspond to data obtained
during three of the five time intervals. (a) A flux-calibrated spectrum illustrating the detection of C2H6 and CH3OH during the indicated time interval. The spectrum
is coadded over 3 spectral × 9 spatial pixels (0.43 × 1.74 arcsec) centered on the peak of the dust continuum. Solid colored traces are the comet spectra with best-fit
atmospheric models superimposed (dashed black traces). The 1σ noise level is ∼1.5 × 10−19 W m−2 (cm−1)−1. (b) Spatial distributions of C2H6 (lower half) and
H2O (upper half) along the slit during the same time interval as (a). The solid colored traces refer to the volatile species; the dashed traces refer to the dust. Noise
levels (1σ ) are ∼0.03 × 1016 molec cm−2 for C2H6 and ∼4 × 1016 molec cm−2 for H2O. The slit orientation with respect to the Sun is shown. (c)–(d) and (e)–(f) are
similar to (a)–(b) but for the two additional time intervals as indicated.

assumed a gas outflow velocity of v = (800 × Rh
−0.5) =

776 m s−1, where Rh is the heliocentric distance in AU. The
transit time for molecules from the nucleus to the edge of
the field of view (in the plane of the sky) is short compared
to the lifetime of all measured species so the derived production
rates are proportional to the assumed outflow velocity.

Fluorescence models have been developed for all sampled
parent volatiles in order to convert spectral line fluxes into
gas rotational temperatures and production rates and have
been used to determine fluorescence efficiencies (g-factors)
for relevant molecules over a range of temperatures typically
found in the inner comae of comets (e.g., 10–200 K). The
development of fluorescence models for linear molecules such
as CO, HCN, HC3N, and C2H2 is straightforward, whereas
fluorescence models for H2O, C2H6, and H2CO are more
complicated (Reuter et al. 1989; Dello Russo et al. 2001, 2004;
DiSanti et al. 2006). An NH3 fluorescence model was developed
based on band strengths (Kleiner et al. 1999), equations for
transition intensities, Hönl–London factors and Herman–Wallis-
type corrections for the NH3 ν1 band (Pine & Dang-Nhu 1993),
and Einstein A-coefficients for individual rotational–vibrational
transitions from the HITRAN database (Rothman et al. 2005).
CH3OH production rates were derived from analysis of the ν3
Q-branch when available. We used a g-factor for the ν3 Q-branch
of 2.17 × 10−5 s−1 at 1 AU (Bockelée-Morvan et al. 1995). To
increase the time interval over which CH3OH production rates
could be determined, additional CH3OH lines were used in the
analysis by comparing CH3OH line intensities in Hartley 2 to
those seen in survey spectra for comet C/1999 H1 Lee (Dello
Russo et al. 2006). The gas rotational temperatures derived in
C/1999 H1 Lee for CO, C2H6, HCN, and H2O on UT 1999

August 21.6 were between 65 and 80 K (Mumma et al. 2001;
Dello Russo et al. 2006), similar to gas rotational temperatures
derived for Hartley 2 (Table 1). Therefore, assuming the relative
intensities of detected CH3OH lines and the ν3 Q-branch are the
same in both comets, g-factors were determined empirically
for CH3OH lines detected in other settings. The scatter in
production rates determined for individual CH3OH lines using
this method is similar in magnitude to that seen in other species
where fluorescence models were used.

4. RESULTS AND DISCUSSION

4.1. Rotational Temperatures and Water Ortho-to-Para Ratio

In cases where the measurement of multiple lines with a
range of ground-state rotational energies was possible, rotational
temperatures were determined from a Boltzmann analysis of the
relative intensities of individual lines (Dello Russo et al. 2004).
Measured gas rotational temperatures ranged from 63 to 92 K
and did not show any clear evidence of variability with time or
differences among species (Table 1).

Multiple ortho and para H2O lines in each grating setting was
used to determine H2O OPRs and nuclear spin temperatures.
The importance of OPRs is disputed, but they may preserve
information about conditions in comet-forming regions in the
early solar nebula (Mumma et al. 1993). The technique used for
deriving OPRs and their associated uncertainties is described
elsewhere (Dello Russo et al. 2005). For Hartley 2, OPRs and
nuclear spin temperatures were determined independently in
each grating setting. The weighted average from all settings
gives OPR = 3.4 ± 0.6 and Tspin � 38 K (95% confidence
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intervals). This lower limit is marginally higher than a previous
measurement on Hartley 2 of 34 ± 3 K with the Infrared Space
Observatory (Crovisier et al. 1999).

4.2 Production Rates and Relative Abundances

Absolute and relative production rates in Hartley 2 on UT
November 4 are given in Table 1. Production rates listed for each
species are determined from a weighted average of production
rates derived independently for all detected lines (the number
of lines used in the analysis is given in Table 1). In the case
of HC3N, where an upper limit is reported, a production rate
was calculated independently over each HC3N line position
for which there were no known blends and the atmospheric
transmittance was at least 85%. The production rate derived
from a weighted average of 19 lines gave a 2.7σ positive residual
(Q = (1.9 ± 0.7) × 1024 s–1; HC3N/H2O = (1.5 ± 0.6) × 10−4).
This marginal signal is reported as an upper limit at the 95%
confidence interval in Table 1. This is the first reported HC3N
production rate in a comet from infrared wavelengths, and its
abundance relative to HCN is consistent with what is typically
measured at radio wavelengths (Bockelée-Morvan et al. 2005).

Uncertainties in individual line fluxes include photon noise
(reflecting the signal-to-noise ratios in these lines). However,
uncertainties in the derived rotational temperatures, OPRs, and
absolute production rates are not dominated by the signal-to-
noise ratios of individual spectral lines, which are generally
high (Figure 1), but by line-by-line deviations between the best-
fit fluorescence model and the data. Thus, reported uncertain-
ties reflect the standard deviation from the mean of individual
line measurements and the effects of small-number statistics.
In addition, uncertainties for the nucleus-to-terminal correction
factors or growth factors (measured to be between ∼3% and
10% depending on the species and setting), flux calibration (es-
timated at 10%) and rotational temperature (estimated ± 10 K
uncertainty for assumed values of Trot) were also included in
absolute production rate error bars. Uncertainties for relative
production rates in Table 1 do not include uncertainty in flux
calibration because all lines and species were detected within
the same grating setting.

4.3. Variable Activity and Heterogeneity of Volatiles
in the Coma of 103P/Hartley 2

Significant short-term variability in comet activity was mea-
sured with the overall gas and dust production increasing by
∼60% over the course of the night (Table 1; Figures 1 and 2).
Within uncertainties this increase in total gas production rate
was uniform among all measured species with the possible ex-
ception of C2H6, which appeared to increase more rapidly than
other species during the night (Figure 2). This differential in-
crease in C2H6 was most pronounced between time intervals
four and five (Table 1; Figures 1 and 2), suggesting that a change
in slit orientation likely contributed to this measured increase.

Whereas the temporal evolution of relative volatile abun-
dances provided only a tenuous indication of chemical hetero-
geneity within Hartley 2, the spatial distribution of volatiles in
the coma provides more compelling evidence. In each grating
setting, an integrated column density along the slit was obtained
by summing multiple lines for each species. During the first
four time intervals, when the slit was oriented along the ex-
tended heliocentric radius vector (position angle, P.A. = 284◦),
H2O and CH3OH have spatial distributions similar to each other
that show evidence for slightly extended source regions relative
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Figure 2. Temporal variability of volatile and dust production in 103P/Hartley 2
on UT 2010 November 4. Ratios of the production rates for species in four
settings relative to initial observations in setting KL1A (UT 10:49–11:30) are
shown. The setting names and range of UT times for observations are given
below the x-axis. The slit position angle was 5◦ in setting KL1C and 284◦ for
all other settings (see Table 1). Species include H2O (blue triangles), CH3OH
(red circles), C2H6 (green squares), C2H2 (pink × s), and dust at 2.9 mm (gold
diamonds). The weighted average of the four volatile species is also shown
(black +s).

to the dust (Figures 1 and 3). This is different from the distri-
bution of C2H6, which shows no similar extension relative to
the dust in the antisunward direction (Figures 1 and 3). When
the slit position angle was changed to 5◦ during time interval
five, the spatial distribution of C2H6 appeared more extended—
similar to H2O and CH3OH (Table 1; Figure 1). This increased
spatial extent of C2H6 along the slit in the last time interval is
consistent with a jump in its measured production rate during
this time (Table 1; Figure 2).

Spatial distributions for HCN and C2H2 were also obtained
in settings KL2 and KL3 (Table 1; Figure 3). Their spatial
distributions appear similar to each other and to C2H6 (Figure 3).
This suggests that sources for HCN and C2H2 may be more
closely associated with C2H6 than with H2O or CH3OH, but
this link is tenuous as we lack information about how the spatial
distribution of HCN and C2H2 change with slit orientation.
Based on encounter images from EPOXI revealing large grains
in the vicinity of the nucleus (A’Hearn et al. 2011), the
differences in spatial profiles may be at least partially explained
by more extended release of H2O- and CH3OH-rich icy grains
in the antisunward direction.

4.4. The Chemical Relationship of 103P/Hartley 2
to Other Comets

When comparing relative production rates of volatile species
with other comets, we find the following approximate rela-
tionships in Hartley 2: C2H6/H2O (typical); HCN/H2O (typ-
ical); C2H2/H2O (typical); CH3OH/H2O (typical); NH3/H2O
(typical); H2CO/H2O (depleted). Hubble Space Telescope ob-
servations on the night of encounter and previous infrared
measurements of Hartley 2 with NIRSPEC suggest that hy-
pervolatiles CH4 and CO are also depleted with respect to H2O
(Dello Russo et al. 2010; Weaver et al. 2011). Knowledge of the
volatile chemistry of Jupiter-family comets from infrared obser-
vations is limited, with the few Jupiter-family comets sampled
to date showing diverse compositions (Figure 4; Mumma et al.
2005; Dello Russo et al. 2007, 2008, 2009). This diversity is no-
table given the similarity in composition between fragments of
73P/Schwassmann-Wachmann 3 (Figure 4; Dello Russo et al.
2007), another comet with high surface activity studied during
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Figure 4. Compositional comparison of Jupiter-family comets. Abundances rel-
ative to H2O are given for six species from ground-based infrared spectroscopy
(Dello Russo et al. 2007, 2008, 2009; Mumma et al. 2005). Symbols with
downward arrows denote 3σ upper limits.

its very close approach to Earth in 2006. Although Hartley 2
and Schwassmann-Wachmann 3 have significantly different
chemical compositions, the evidence from ground-based ob-
servations supports only small-scale chemical heterogeneity for
both comets despite significant short-term variability in activity,
and in the case of Schwassmann-Wachmann 3, between mea-
surements of different fragments.

4.5. Synergy with EPOXI Encounter Data

The spectral and spatial information obtained from this
study are highly complementary to the EPOXI spectroscopic
and imaging data obtained near closest approach. The EPOXI
HRI-IR spectrometer can detect general emission features due
to organics; however, it is unable to resolve emissions from
specific organic species. The high spectral resolution of the

NIRSPEC observations allows the detection, isolation and
quantification of gas production rates from highly diagnostic
rotational–vibrational lines. This information can be used to
help interpret unresolved features in HRI-IR spectra.

A general organic X-CH feature has been seen between 3.3
and 3.6 μm in low-resolution spectra of comets, resulting from
emission due to gas-phase organics, primarily CH3OH and
C2H6 (Bockelée-Morvan et al. 1995; Dello Russo et al. 2006).
Additional volatile species can also contribute flux to the X-CH
feature, but based on high-resolution infrared spectra of previous
comets, contributions from other species are generally minor
(probably �10% in most cases). Based on the band g-factors
and mixing ratios of these species derived from NIRSPEC
observations, the relative contribution of C2H6 and CH3OH
band intensities to the total flux of the X-CH feature is (C2H6)/
(CH3OH) ∼ 0.8 for Hartley 2 on UT 2010 November 4.

HRI-IR is able to detect and isolate strong emissions from
H2O and CO2 fundamental bands; however, optical depth effects
complicate their interpretation (A’Hearn et al. 2005). This
problem is compounded around encounter because the overall
gas production rates and opacity were varying substantially at
a time when the spacecraft viewing geometry was changing
rapidly. Thus, information on the short-term variability of the
gas production rates as determined here will facilitate the
interpretation of HRI-IR spectra near closest approach. Our
wide spatial view of the distribution of gases in the coma also
complements the contemporaneous and extremely high spatial
resolution information retrieved by EPOXI, which was obtained
at the price of a limited field of view near closest approach.

Long-term monitoring of parent volatile production rates in
individual comets has revealed variable coma compositions in
some comets (e.g., Biver et al. 2002). However, as molecu-
lar sublimation rates are dependent on temperature (and he-
liocentric distance), there is little convincing evidence from
remote-sensing observations for significant chemical
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heterogeneity for ices within individual comet nuclei. This
may suggest that the building blocks that constitute an indi-
vidual comet are less heterogeneous than the population as a
whole. However, apart from exceptional circumstances, remote-
sensing techniques sample the bulk coma over spatial resolu-
tions that tend to homogenize the composition and therefore
are ill equipped to determine the full extent of chemical diver-
sity within a comet. The close approach of 73P/Schwassmann-
Wachmann 3 to Earth and the ability to chemically sample in-
dividual fragments provided a unique opportunity (Dello Russo
et al. 2007), but accompanying spacecraft observations at close
range do not exist. Ground-based observations contemporane-
ous with the EPOXI closest approach to Hartley 2 provide the
best test to date of how compositional heterogeneity over the
surface and the inner coma of a comet manifests itself in remote-
sensing observations of the bulk coma.
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