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We present observational data for Comet 9P/Tempel 1 taken from 1997 through 2010 in an international
collaboration in support of the Deep Impact and Stardust-NExT missions. The data were obtained to char-
acterize the nucleus prior to the Deep Impact 2005 encounter, and to enable us to understand the rotation
state in order to make a time of arrival adjustment in February 2010 that would allow us to image at least
25% of the nucleus seen by the Deep Impact spacecraft to better than 80 m/pixel, and to image the crater
made during the encounter, if possible. In total, �500 whole or partial nights were allocated to this pro-
ject at 14 observatories worldwide, utilizing 25 telescopes. Seventy percent of these nights yielded useful
data. The data were used to determine the linear phase coefficient for the comet in the R-band to be
0.045 ± 0.001 mag deg�1 from 1� to 16�. Cometary activity was observed to begin inbound near r � 4.0
AU and the activity ended near r � 4.6 AU as seen from the heliocentric secular light curves, water-sub-
limation models and from dust dynamical modeling. The light curve exhibits a significant pre- and post-
perihelion brightness and activity asymmetry. There was a secular decrease in activity between the 2000
and 2005 perihelion passages of �20%. The post-perihelion light curve cannot be easily explained by a
simple decrease in solar insolation or observing geometry. CN emission was detected in the comet at
2.43 AU pre-perihelion, and by r = 2.24 AU emission from C2 and C3 were evident. In December 2004
the production rate of CN increased from 1.8 � 1023 mol s�1 to QCN = 2.75 � 1023 mol s�1 in early January
2005 and 9.3 � 1024 mol s�1 on June 6, 2005 at r = 1.53 AU.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction – cometary activity

1.1. The Deep Impact and Stardust-NExT missions and the Earth based
observing campaign

1.1.1. The Deep Impact mission
On July 4, 2005, the two parts of the Deep Impact spacecraft

made history as the first experiment to successfully probe beneath
the surface of a comet nucleus. The impactor spacecraft performed
as designed, colliding with the nucleus of 9P/Tempel 1 while the
flyby spacecraft made unique in situ measurements. The geometry
of the flyby limited us to imaging and near-infrared spectroscopy
in an 800-s interval from the time of impact until the flyby space-
craft went into shield mode as it passed through the comet’s orbi-
tal plane. After this period, at encounter plus 45 min, the spacecraft
turned and looked back at the comet taking data of the impact tra-
jectory back-lit by the Sun. A unique aspect of this mission was the
observing program planned from Earth and Earth-orbit at the time
of impact.

The selection of the Deep Impact mission target was driven by
launch and orbital dynamics considerations, and not by the target
properties. At the time of target selection, 9P/Tempel 1 was known
to be a typical Jupiter-family low-activity comet (A’Hearn et al.,
1995) rarely bright as seen from Earth, and was well placed for
observing only every other apparition (�11 years). Although the
comet was discovered in 1867 (Yeomans et al., 2005), there were
relatively few physical observations of the comet prior to its selec-
tion for the Deep Impact mission. From the inclusion of the non-
gravitational parameters in the orbit solution for the comet, it
was suggested that the pattern of outgassing was relatively un-
changed during the previous seven apparitions. Most of the exist-
ing physical observations were of the gas and dust coma around
the time of the two perihelion passages of 1983 and 1994 (Lisse
et al., 2005), along with some limited information about the nu-
cleus rotation (Lamy et al., 2001).

1.1.1.1. Pre-encounter characterization of 9P/Tempel 1. An intensive
international Earth-based observing campaign was established in
1999 to provide critical inputs regarding the parameters of the nu-
cleus to the mission planning team. The ground-based campaign
had the further goals of characterizing the physical properties,
activity and chemistry of the pre-encounter nucleus to facilitate
the interpretation of the flyby spacecraft data, and establishing an
activity baseline from which to look for impact induced changes
(Meech et al., 2004). Knowledge of the nucleus size and albedo is
important for the autonomous targeting software and in order to
calculate instrument exposure times; in addition these are impor-
tant parameters for interpreting activity with thermal models.
These parameters were measured using combined optical measure-
ments from the University of Hawai’i 2.2-m telescope and infrared
measurements using the W. M. Keck Observatory (Fernández et al.,
2003).

Implicit in using Earth-based optical and infrared measure-
ments to estimate the nucleus size and albedo is an understanding
of the surface scattering phase function, which can be obtained
from observations of the inactive nucleus made over a range of
phase angles. However, because the phase angle-related brightness
changes can be comparable to the range of brightness variations
induced by the changing scattering surface area as the comet ro-
tates, the rotation light curve must be understood and removed
in order to derive the phase function. The rotation state is a funda-
mental property of the nucleus, which can be used to derive con-
straints on the nucleus bulk strength and density. It is also
important for thermal modeling and mission planning. Finally,
understanding the onset of gas and dust production, and the dust
environment at perihelion was important for assessing impact
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hazards to the spacecraft, and encounter science interpretation.
Belton et al. (2005) summarized the working properties of the nu-
cleus derived from this campaign prior to encounter.

These measurements comprised the goals of the Deep Impact
pre-encounter imaging campaign, which is reported here. During
the few months leading up to encounter, the campaign widened
in scope, encompassing most of the world’s professional observa-
tories, in a coordinated effort to explore the comet’s activity on
timescales and at wavelengths not possible with the in situ obser-
vations. The data utilized not only ground-based facilities but also
Earth-orbital facilities, as well as other space resources. The specif-
ics of the more extensive near encounter observations are dis-
cussed elsewhere (Meech et al., 2005).

1.1.1.2. Deep Impact encounter results. The in situ measurements of
the comet revealed distinct morphologies (A’Hearn et al., 2005;
Thomas et al., 2007) on a nucleus that was remarkably homoge-
neous in albedo and color (Li et al., 2007) with very limited expo-
sures of water ice (Sunshine et al., 2006). The surface displayed
regions with circular features with size distributions consistent
with impact crater populations and in addition, two regions of
smooth terrain were seen in regions of gravitational lows. These
smooth terrains had characteristics of emplacement by flowing
material (Thomas et al., 2007; Meech et al., 2008; Belton and
Melosh, 2009). The nucleus was also distinctly layered, although
in situ imaging was unable to ascertain the full extent of the layers.
Analysis of the in situ thermal nucleus surface measurements
yielded an extremely low thermal inertia (Groussin et al., 2007;
Davidsson et al., 2007), which suggested that volatile materials
were close to the surface.

On approach, many outbursts were detected, both from the
ground (Lara et al., 2006; Lara et al., 2007), Earth orbit (Feldman
et al., 2007) and from the spacecraft (A’Hearn et al., 2005), and
analysis suggested at least two active areas (Farnham et al.,
2007). Pre-impact in situ spectral imaging showed spatial composi-
tional differences in the outgassed volatiles with water dominant
at the subsolar point and CO2 enhanced in the direction of the neg-
ative nucleus rotation pole (i.e. conventional Southern pole; Feaga
et al. (2007)).

The impact event showed that the surface materials had negli-
gible strength, and from following the ballistic trajectories of the
ejecta, that the nucleus mean density was very low (Richardson
et al., 2007). Ground-based spectra and Spitzer IR spectra showed
that the dust grains de-aggregated into micron-sized grains from
larger particles, and spectral signatures of a wide range of minerals
from high temperature, crystalline olivine, to phyllosilicates that
condense at lower temperatures were found (Farnham et al.,
2007; Lisse et al., 2006). Additionally, there was some evidence
of a different volatile chemistry from the material excavated from
the impact (Mumma et al., 2005). The coma appearance returned
to pre-encounter level and geometry within about a week after
the impact event, displaying a porcupine jet pattern without any
signature of continuing impact induced activity (Lara et al., 2007;
Vincent et al., 2010).

1.1.2. The Stardust-NExT mission
After the successful completion of the Deep Impact mission, an

extended mission opportunity to fly past the nucleus of Comet
9P/Tempel 1 was approved using the Stardust spacecraft. The mis-
sion’s primary goals (level 1 requirements) were to image at least
25% of the terrain seen by Deep Impact at resolutions better than 80
m/pixel, including 7 high resolution images, and to image the cra-
ter made during the Deep Impact encounter if possible. The purpose
of the extended investigation was to document surface changes be-
tween perihelia, to see if erosion is global, regional, or only in small
active areas. By imaging both new and previously seen terrain, the
geologic mapping would be extended to assess if the layers seen
during the encounter were global, and to see if there were addi-
tional regions of smooth flows. Finally, by imaging the crater it
would be possible to see what a fresh crater looks like, including
a search for ejecta preserved on the surface. Likewise, from the size
of the crater it would be possible to make inferences about the
mechanical properties of the surface materials.

When the extended mission was proposed, we knew that the
rotation rate would need to be known to higher precision than pre-
viously measured in order to adjust the spacecraft time of arrival
so that it would fly by the comet at the right time to see the crater.
At the time of the mission confirmation, the extensive dataset ob-
tained for Deep Impact, including the ground-based sets as well as
the pre-encounter imaging as seen on approach from the space-
craft, suggested that the rate of rotation was changing. In order
to meet the challenge of having an accurate enough rotational
ephemeris to make a prediction (see paper II, Belton et al., 2011),
international observing campaigns were planned by our team dur-
ing the 2007–2009 observing seasons of the comet.

The data obtained for both the Deep Impact and Stardust-NExT
campaigns from 1997 through the spring of 2010 when the comet
went into solar conjunction are presented here, along with a dis-
cussion of the secular behavior of the comet, the development of
activity and properties of the dust coma. This paper will serve as
the record of one of the most extensive datasets ever collected
on one comet, and will provide the background information for
several analysis papers to follow on these data. These data are
being prepared for ingestion into the Planetary Data System ar-
chive. An analysis of the comet rotation based on this dataset
and a prediction for the rotational phase at the Stardust-NExT
encounter to occur on 14 February 2011 is presented in Belton
et al. (2011).
2. Observations

2.1. Coordinating the observations

The initial comet observing campaign began as requests for
telescope time through telescope allocation committees to which
a few of the mission co-investigators had access, namely through
the facilities on Mauna Kea and through the National Optical
Astronomy Observatory. Approximately two years before the
encounter, a series of workshops were organized both in conjunc-
tion with international meetings and as small 1–2 day meetings at
locations accessible to ground-based observers. These events are
summarized in Table 1. At each of the meetings, the mission goals
and mission design were presented, as well as what contributions
from Earth-based observing were required for the interpretation of
the in situ observations. The workshops fostered discussions be-
tween observers that allowed the community to assess which facil-
ities could optimally provide specific datasets. From these efforts
we built an interconnected network of observers providing input
to the mission team and to each other in the months leading up
to the encounter, and during the encounter.

The pre-encounter communication was via email and password-
protected websites. The website was also used to share text useful
for observing proposal development to secure telescope time.
During the encounter week, additionally, we had real-time commu-
nication through a multi-port Polycom connection which enabled
all the major observatories to meet daily.
2.1.1. Database development
In order to facilitate access to the growing amount of Deep Im-

pact ground-based imaging, we designed and developed a rela-
tional database using IBM’s DB2 database management system,



Table 1
Observing coordination events.

Location Date Location Date

DPS, Monterey, CA 9/01/03 MacQuarie Univ., Australia 9/06/04
ESO Garching,

Germany
2/14–15/04 AAS, Denver, CO 5/30/04

NOAO, KPNO,
Tucson, AZ

2/23/04 Bioastronomy, Iceland 7/09/04

IfA, Hilo HI 4/03/04 COSPAR, Paris 7/20/04
Nat. Central Univ.,

Taiwan
5/28/04 AAS, San Diego 1/13/05

NOAO, CTIO, Chile 6/24/04

Notes: DPS = Division for Planetary Sciences Meeting; ESO = European Southern
Observatory; NOAO = National Optical Astronomy Observatory; IfA = Institute for
Astronomy, Univ. Hawai’i; AAS = American Astronomical Society semi-annual
meeting; COSPAR = Committee on Space Research.
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which can be queried using a web interface developed in ColdFu-
sion MX.

In its current form, the database contains reduced data products
(photometry) from the ground-based CCD imaging program. Rou-
tines developed in Perl are used to parse the text files containing
reduced data and insert the data into the database. Full informa-
tion about the observations obtained on each night, including
information about the observers and observing conditions, seeing,
the instrument and telescope used (along with filter transmission
curves and CCD quantum efficiencies) are stored in the database.
Each observation is also tagged with the instantaneous values of
Table 2
Instrument specifications.

UT date range, mm/dd/yy Codea kb /b Telesco

10/20/00 493 2:32:45 +37:13:25 Cal3.5m
09/27/09 493 2:32:45 +37:13:25 Cal2.2m
09/19/01–11/15/01 097 34:45:45 +30:35:44 Wise1.0
10/19/06–01/26/09 HCT 78:57:51 +32:46:46 HCT2.1
12/15/09–12/18/09 286 102:47:17 +25:01:31 Yunnan
12/18/09–12/19/09 D29 118:27:50 +32:44:04 PMO1m
10/12/01–11/17/09 344 128:58:35 +36:09:53 BOAO1.
5/25/05–07/28/05 147:25:57 �42:50:50 Canopu
07/03/05–07/12/05 568 204:31:40 +19:49:34 CFHT
08/19/07–11/21/07 568 204:31:40 +19:49:34 Gemini
11/24/97–06/08/05 568 204:31:40 +19:49:34 Keck10
11/21/97–06/09/10 568 204:31:40 +19:49:34 UH2.2m
08/02/00 568 204:31:40 +19:49:34 UH2.2m
10/29/08–10/30/08 675 243:08:15 +33:21:15 Pal5.0m
09/21/01–11/01/02 695 248:24:19 +31:57:32 KPNO2.
09/23/06–11/27/06 695 248:24:19 +31:57:32 KPNO2.
11/21/09–12/21/09 695 248:24:19 +31:57:32 KPNO2.
10/22/03–10/09/07 695 248:24:19 +31:57:32 KPNO4m
09/28/00–12/19/09 688 248:27:52 +35:05:46 Low1.8
08/26/00–11/03/00 711 255:58:43 +30:40:18 McD0.8
12/05/01 711 255:58:43 +30:40:18 McD2.1
09/21/01–02/07/02 711 255:58:43 +30:40:18 McD2.7
12/30/03–12/31/03 807 289:11:39 �30:10:09 CTIO4m
11/10/01–11/12/01 807 289:11:39 �30:10:09 CTIO1.5
10/20/00–10/23/00 809 289:16:13 �29:15:26 Dan1.5m
05/06/00–11/27/00 809 289:16:13 �29:15:26 ESO2.2m
12/29/03–10/24/06 809 289:16:13 �29:15:26 ESONTT
10/25/97 809 289:16:13 �29:15:26 ESONTT
01/01/04–12/31/06 309 289:35:48 �24:37:32 VLT8m
10/15/07–10/16/07 950 342:07:03 +28:45:37 WHT4.2
09/05/00–02/04/02 950 342:07:03 +28:45:37 TNG3.6
11/13/09-11/15/09 J13 342:07:03 +28:45:37 LiverT2

a Observatory code.
b East longitude and geocentric latitude.
c Telescope abbreviations: BOAO = Bohyunsan Optical Astronomy Observatory, Cal

american Observatory, Dan = Danish 1.5 m at ESO La Silla, ESO = European Southern Ob
scope, KPNO = Kitt Peak National Observatory, LiverT = The Liverpool Telescope, Low = Lo
Pal = Palomar Observatory, PMO = Purple Mountain Observatory, TNG = Telescopio Nazi
Herschel Telescope.
the heliocentric and geocentric distances (r and D) and phase angle
(a), as well as the Sun-centered and Earth-centered state vectors.
These values are obtained automatically by communicating with
the Jet Propulsion Laboratory Solar System Dynamics ephemeris
routines when new data are uploaded to the database.

This Deep Impact database can be queried using a web interface.
The returned data can be sorted on several key parameters, such as
date, time, filter, photometry aperture, by telescope, observer or
instrument, and returned as either an HTML table, tab-delimited
dataset, an Excel spreadsheet or CSV file format.

A network-attached storage system, with 4.3 Terabytes of
usable disk space plus backup, is operational. It is intended to
accommodate the expansion of the Deep Impact database to in-
clude images in addition to the currently-stored reduced data
products, as well as reduced and image data for other comets.
Other planned database enhancements include additional indexing
and query optimization in order to improve response time for typ-
ical queries.

2.2. Circumstances of the observations

A summary of the telescopes, detectors and instrument specifica-
tions for all of the runs is given in Tables 2 and 3 the observing geom-
etry, conditions, filters, and number of images for each observing
night with useful data are provided in a table in the Supplementary
material. Data were obtained on�500 nights utilizing 25 telescopes
around the world (see Fig. 1). The entire multi-color set encom-
passes �5000 images. The photometry set is too massive to include
pec Instrument RN (e�) Gain (e�/ADU) Scale (00 pix�1)

LAICA 6.0 2.0 0.225
CAFOS 5.1 2.3 0.53

m SITE 5.9 1.1 0.884
m HFOSC 4.8 1.22 0.296
2.4m CCD 2.84 1.0 0.215

CCD 6.0 1.0 1.705
8m CCD 7.0 1.8 0.34
s1.0m SITe512 7.9 2.2 0.434

MegaCam 3.0 1.67 0.187
N8m GMOS 7.2 5.25 0.073
m LRIS 6.4 2.04 0.215

Tek2k 6.0 0.74 0.219
8kMos 5-20 2.0 0.260
LFC 11 2.0 0.182

1m T2KA 4.0 3.6 0.305
1m F3KB 7.5 2.3 0.19
1m T2KB 4.0 3.1 0.305

MOSA 5.8 3.2 0.26
m PRISM 6.9 2.6 0.39
m PFcam 5.9 1.60 1.355
m IGI/TK4 4.2 2.65 0.572
m WHT-SITe 4.4 2.8 0.48

MOSAICII 3.5 1.5 0.432
m Site2K6 3.7 2.0 0.0.48

LORAL 7.7 1.37 0.39
WFI 4.8 1.93 0.238
EFOSC2 9.0 1.3 0.12
EMMI/TKEB4 5.2 2.33 0.27
FORS2 6.0 3.2 0.25

m PFIP 6.0 3.0 0.24
m OIG 4.0 1.6 0.277
.0m RATCam 5.0 2.34 0.135

= Calar Alto, CFHT = Canada–France–Hawai’i Telescope, CTIO = Cerro Tololo Inter-
servatory, HCT = Himalayan Chandra Telescope, JCMT = James Clerk Maxwell Tele-
well Observatory, McD = McDonald Observatory, NTT = New Technology Telescope,
onale Galileo, UH = Univ. Hawai’i, VLT = ESO Very Large Telescope, WHT = William



Fig. 1. Google maps image of the locations of the telescope facilities collaborating for this project.
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in this paper in table form. In addition to submitting all of the data to
the PDS, we are expanding the web-accessible database with the
intention of making public all of the intermediate ancillary products
associated with this paper, e.g. the photometry files, composite
images, models. This archive and web access will be discussed in a
separate paper.

All of the images were taken through the Kron–Cousins V
(keff = 5473 Å, Dk = 1185 Å) and R (keff = 6417 Å, Dk = 948 Å) filters,
were guided at non-sidereal rates, and calibration standard star
measurements were taken from the Landolt (1992) star fields, un-
less otherwise noted. For all observing runs, flatfield calibrations
were obtained during the evening and morning twilights unless
otherwise noted.

Observing runs dedicated to calibration were carried out at
Mauna Kea UH2.2-m (February 2000 and fall 2009) and the
CTIO1.3-m telescopes. The calibration process places all of the data
from different telescopes around the world on a single photometric
system. Good photometric conditions were required for these runs.
As a consequence, data acquired at observatories under non-
photometric conditions are calibrated but have somewhat higher
measurement errors. The data reduction is discussed below and
in Section 2.3. The calibration of the non-photometric data used
differential photometry with a large number of field star measure-
ments (20–50) for each CCD image. Brief synopses of the observing
runs (in alphabetical order by observatory), remarking in particular
on anything that could affect the data quality are included in the
Supplementary material.

2.3. Data reduction

2.3.1. Flattening, calibration, and dispersion correction
2.3.1.1. Imaging. Where possible, flat field images were obtained on
the twilight sky for each of the filters and were used with bias
frames to flatten the data in a standard manner. There were some
datasets where weather conditions or instrument problems pre-
vented the acquisition of flat fields, and for these sets we used
either flats from adjacent nights or used the images themselves
to create deep sky flats by median combining the images to create
a blank sky field from which a correction to the pixel to pixel re-
sponse could be made from higher S/N images from another night.

2.3.1.2. Spectra. The Keck data were reduced using the Image
Reduction and Analysis Facility (IRAF) software package. All images
were bias-subtracted and flat fielded. Cosmic-rays in the scientific
frames were removed by cosmic-ray routine. However, some bright
residuals were marked by eye and replaced by interpolating from
adjacent pixels. Wavelength calibration was accomplished using
the HgZnCd internal calibration lamps. After wavelength calibra-
tion, a standard atmospheric extinction curve for the Keck Obser-
vatory was used to calibrate atmospheric extinction. Finally, the
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spectra of the comet and the solar-analog stars were flux calibrated
from observing nearby spectrophotometric standard stars.

2.3.2. Aperture photometry
Fluxes were extracted using the IRAF apphot package (Tody,

1986). The aperture radius used was typically selected to encom-
pass all of the light of the bare nucleus within the limit of the pho-
tometric errors (typically, this was a radius twice that of the seeing,
see the table of observing conditions in the Supplementary mate-
rial). For the runs where the comet was active, we typically mea-
sured through multiple apertures, but for the analysis presented
here, used the data obtained through the 5.000 radius aperture.
For the standard stars, apertures were selected from curves of
growth determined on each night so that 99.5% of the light was
Fig. 2. [Left] Mauna Kea extinction coefficient, kk (mag/airmass), in R filter (red crosses) a
evening and morning twilights. [Right] Transformation coefficients (yielding color term,
same dates. Both plots illustrate the excellent site stability at Mauna Kea for photometric
the reader is referred to the web version of this article.)

Fig. 3. Illustration of the technique used to extract light curves. The upper row correspon
row from the same facility on 14 December 2009. Left to right: (i) Composite image ma
combining the night’s data. (iii) Composite image stacked to remove the non-sidereal mo
subtracted curve; red line represents the light curve before background subtraction. Ho
comet, illustrating the stability of the differential photometry. (For interpretation of the
this article.)
contained within the aperture. Because of the large size of the
detectors, we typically had over 100 standard star measurements
on each photometric night, taken over a range of airmasses and
colors, thus ensuring an absolute calibration to a few percent.
Fig. 2 shows the normalized standard star fluxes (Dmag) versus
airmass, and the terms in the transformation to a standard photo-
metric system for all the Mauna Kea data taken during December
2009 illustrating the stability of the site. Most of the runs were
cross calibrated on these nights to put them on the same photo-
metric system.

The comet was typically faint, and during the course of each
night passed over faint background galaxies and field stars. In or-
der to remove this extra flux from the photometry aperture when
the comet was a point source, we created composite star images to
nd V filter (green circles) for the nights of 11–31 December 2009 obtained during the
ek, and zero point, Zk) for the R filter (red crosses) and V filter (green circles) for the
transformations. (For interpretation of the references to color in this figure legend,

ds to data from the UH2.2-m telescope obtained 11 December 2009, and the bottom
de by adding together all of the night’s data. (ii) Composite image made by median
tion of the comet. (iv) Comet light curve. Data points represent the final background-
rizontal black line shows the average of field stars of comparable magnitude to the
references to color in this figure legend, the reader is referred to the web version of
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be subtracted from the individual frames. As many field stars as
possible (e.g. good S/N, and not saturated) were measured in each
image (typically 30–100 stars). The centroid positions of all the
field stars in the first frame were compared with the centroids
for the same stars in each subsequent frame to compute a precise
(dx,dy) shift relative to the first frame (caused by guiding errors,
non-sidereal guiding, and dithering). The frames were then all
shifted to align with the first frame and median combined using
mode scaling and cosmic-ray rejection. This resulted in a deep
master star image where the moving comet was removed (see
Fig. 3 for examples from 11 and 14 December 2009). On nights
when the seeing was variable, the images were stacked and
subtracted in batches of similar seeing. The composite images
were scaled to the exposure time of the individual frames and
subtracted from each frame to remove background field stars and
galaxies. Photometry was then performed on the background-
subtracted images.

The differential offsets were also used to create composite
images for the runs. Representative images are shown in Figs. 4–
7 as the heliocentric distance changed, illustrating the develop-
ment and disappearance of the coma and tail. The parameters of
all the images are listed in Table 4.
Table 3
Keck spectroscopic observations.

Date (UT) Exposure (s) Airmass

2004 December 04 1200 � 5 1.74–1.20
2005 January 06 1200 � 6 1.42–1.05
2005 June 08 1200 � 9 1.74–1.06

Fig. 4. See Table 4 for image details. Images are 30 � 30 . North is up East left in the images
top of each image. Pre-perihelion observations (inbound) are indicated with a downward
arrows in the lower left of each image indicate the anti-solar direction and the negati
interpretation of the references to color in this figure legend, the reader is referred to th
2.3.3. Differential photometry
In order to produce light curves on a single, uniform photomet-

ric system from multiple telescopes, we re-calibrated all fields ob-
tained at other observatories with data from the UH2.2-m
telescope by re-imaging the fields on photometric nights and using
differential photometry to produce the light curves. On all nights,
as noted in Section 2.3.2, a large number of field stars were mea-
sured in the frames along with the comet. We computed the mag-
nitudes of all the field stars using the Kron–Cousins filter system
from Mauna Kea for all the field stars, even for photometric nights
that had independent calibration, and then computed a magnitude
correction for each frame to ensure that the magnitudes of the field
stars matched the calibrated values, and that the offsets were ap-
plied to the comet light curves. This differential technique not only
placed all the datasets on the same system, but served to correct
for small extinction variations on photometric nights. We have
found that this technique works well to recover data when cirrus
is present with extinction up to 1 mag.

We present a selected set of light curves in Fig. 8. The data set
for the rotation analysis is extremely large, and the data were pre-
pared iteratively. It was only after generating light curves and try-
ing to combine datasets from different observatories that we were
r (AU) D (AU) a (�) Seeing

2.435 2.435 23.3 <100

2.241 1.850 35.6 variable
1.531 0.781 36.5 1.0300

. The UT date and the heliocentric distance at the time of observation is noted at the
arrow and post-perihelion observations with an upward arrow. The black and red

ve of the comet’s heliocentric velocity vector as seen in the plane of the sky. (For
e web version of this article.)



Fig. 5. See caption for Fig. 4.

Fig. 6. See caption for Fig. 4.
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alerted to problems in the data and could investigate further. This
included developing techniques for background object and nebu-
losity subtraction, and ensuring that everything was placed on
the same photometric system. Some datasets required binning
the photometry to increase the S/N (thus reducing the time resolu-
tion). The analysis of the rotation light curves is presented in paper



Fig. 7. See caption for Fig. 4.
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II (Belton et al., 2011). However, from the figure it is clear that,
with the long 1.7-day rotation period and maximum daily sam-
pling at opposition of only 8 h at any particular observatory, having
telescopes spread in longitude was key to removing sampling
aliases.

2.3.4. The nucleus phase function
The photometric data beyond �4.0 AU, where there was no

apparent dust in the images, and it was expected that there was
no activity, were corrected for observing geometry to unit helio-
centric and geocentric distance (R(1,1,a)) via:

Rð1;1;aÞ ¼ mR � 5:0 logðrDÞ ð1Þ

where mR is the observed R magnitude, r is the heliocentric distance
and D the geocentric distance in AU. An unweighted linear fit to
the data produces a linear phase function of a = 0.045 ± 0.001
mag deg�1 and a weighted fit gives a = 0.040 ± 0.001 mag deg�1.
The slight difference in slope is because the larger phase angle data
have the biggest errors (fainter comet). We adopt the former value
here. This is shown in Fig. 9.

Fig. 10 plots the reduced R magnitude, R(1,1,0), where the lin-
ear phase coefficient, a has been removed:

Rð1;1;0Þ ¼ Rð1;1;aÞ � 0:045a ð2Þ

as a function of time. The reduced magnitude is plotted as a func-
tion of days from perihelion passage in Fig. 11 and as a function
of heliocentric distance from perihelion in Fig. 12. Both figures show
the asymmetry of the light curve about perihelion. In particular, the
fading due to the drop in activity post-perihelion is much more
gradual than the brightening was pre-perihelion.

2.3.5. Low-resolution spectroscopy
Before integrating the flux within emission bands, we removed

both the sky background and the underlying continuum, the latter
resulting from reflected sunlight by dust. To remove the dust con-
tinuum, the spectrum of the solar-analog star SA 102-1081 was
used for the 2005 January data and the spectrum of HD 120050
was used for the 2005 June data, which were obtained with the
same setup on the nights the comet was observed. We took sky
spectra that were free from the cometary contamination on 2004
December 04 and 2005 June 5, respectively. However, no sky was
observed on 2005 January 6. Therefore, the sky background for Jan-
uary 6 was measured using the first and last 10 rows on the edges
of the spectral image of the comet. This assumed that there are no
cometary emissions at that distance from the optocenter. This
assumption is certainly valid for C2 and C3; since they were still
weak and did not extend too far during January 2005. However,
in terms of stronger emission from CN, the amount of CN which
might be reduced even in that part of the spectrum was visually
noted to be minimal. The details of sky and solar subtraction are
described in Cochran et al. (1992). Fig. 13 shows the spectra from
all three nights.

After removing the solar spectrum, the comet spectra consisted
only of gas fluorescence emission features. The fluxes in the gas
bandpasses were summed up to determine the integrated band
flux. The bandpasses used are listed in Table I of Cochran et al.
(1992). The integrated fluxes were then converted to column den-
sities using the constants in Table II of Cochran et al. (1992). The
Swings effect was taken into account for the CN, NH and OH.

In turn, a simple Haser model (Haser, 1957) was used to convert
the column densities to gas production rates with two important
parameters: (1) the number of photons scattered per second per
radical (the so-called emission rate factor g); and (2) the lifetime
of the molecule, or the Haser scale length. The g-factors of CN,
C2, C3, NH and OH are described in A’Hearn et al. (1995). We have
adopted the outflow velocity of 0.85 km s�1 at 1 AU for 9P/Tempel
1 from Cochran et al. (2009). The scale lengths used are listed in
Table 5.



Table 4
Details of composite images.

UT Date mm/
dd/yy

ra

(AU)
I/
Ob

T�qc

(dys)
Afq
(cm)

Expd

(s)
Scalee

(�105 km)

11/24/97 4.54 I �769 13.95 600 4.76
04/06/98 4.26 I �636 9.19 2200 5.98
01/28/99 3.13 I �339 31.88 8200 2.83
03/17/99 2.88 I �291 10.08 12300 2.95
05/08/99 2.59 I �239 27.26 900 3.49
07/14/99 2.20 I �172 85.43 180 3.84
05/25/00 2.03 O +144 156.18 300 2.74
07/09/00 2.29 O +189 132.45 3600 2.42
08/21/00 2.55 O +232 138.99 7800 2.18
09/30/00 2.77 O +272 134.97 4800 2.36
12/18/00 3.19 O +351 37.05 300 4.03
01/27/01 3.38 O +391 30.08 450 5.00

08/22/01 4.15 O +598 8.88 9900 5.12
09/22/01 4.24 O +629 10.98 12600 4.65
11/09/01 4.36 O +677 21.83 23850 4.40
02/07/02 4.54 O +767 9.92 5400 5.98
11/06/02 4.73 I �972 15.16 3600 5.05
11/08/03 4.17 I �605 12.11 6600 4.74
12/24/03 4.03 I �559 20.03 900 4.01
01/01/04 4.01 I �551 19.94 300 3.96
03/17/04 3.74 I �475 7.24 2600 4.56
05/07/04 3.53 I �424 9.67 2400 5.25
12/01/04 2.45 I �216 27.81 400 3.25
03/10/05 1.88 I �117 236.10 340 1.27

05/12/05 1.60 I �54 330.81 100 0.94
06/02/05 1.54 I �33 433.57 100 0.99
07/04/05 1.51 I �1 482.77 100 1.16
08/02/05 1.53 O +28 492.05 120 1.41
12/23/05 2.19 O +171 216.42 900 3.64
08/01/06 3.38 O +392 22.81 7800 4.11
10/15/06 3.70 O +467 35.92 26100 3.55
11/26/06 3.86 O +509 27.61 20700 4.03
08/19/07 4.55 O +775 13.35 133 6.01
10/15/07 4.63 O +832 9.64 16000 5.04
11/14/07 4.67 O +862 17.56 100 4.82
12/10/07 4.53 O +888 11.40 900 4.65

03/27/08 4.74 O +996 9.00 2700 6.93
10/27/08 4.60 I �807 10.30 9900 5.21
11/28/08 4.55 I �775 15.27 20700 4.73
12/10/08 4.53 I �763 17.74 13200 4.65
01/26/09 4.44 I �716 12.70 21600 4.87
11/16/09 3.52 I �416 10.19 12600 4.13
12/12/09 3.40 I �422 15.37 16500 3.52
12/30/09 3.32 I �378 20.69 24000 3.19
01/15/10 3.24 I �362 26.58 3600 2.99
02/18/10 3.07 I �328 25.72 5400 2.87
04/18/10 2.76 I �269 19.82 4050 3.38
06/05/10 2.48 I �221 28.28 2400 3.81

a Comet heliocentric distance.
b I = Inbound leg of orbit (pre-perihelion); O = Outbound leg of orbit (post-

perihelion).
c Number of days pre- or post-perihelion.
d Total effective exposure time for the composite image.
e Scale of the image in km per side.
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2.3.6. Dust dynamical modeling
The Finson–Probstein (FP) technique is a dust-dynamical model

originally developed by Finson and Probstein (1968) which can be
used to track the trajectories of dust grains leaving a comet nucleus
after they decouple from the gas flow and are influenced only by
solar radiation pressure and solar gravity. With this technique, sur-
face brightness data of comet dust tails can be inverted and infor-
mation about the grain size distribution, ejection velocity, and
onset and cessation of activity can be obtained. We employ this
technique for the data around the 2000 perihelion passage to help
understand the activity and dust properties.

Once dragged from the nucleus in the gas flow, the dust is
decoupled from the flow within a few nuclear radii. The motion
of the dust grains is then controlled by solar gravity and solar radi-
ation pressure, both acting approximately radially, in opposite
directions. The net result of the two influences is a reduced gravi-
tational force acting upon the dust. The parameter b is defined as
the ratio of the radiation pressure force to the gravitational force.
For grains of radius a (m) and density, q (kg m�3), b is given by:

b ¼ 5:740� 10�4 Q pr

qa
ð3Þ

where Qpr is the radiation pressure efficiency (typically 1–2, depen-
dent on the material scattering properties). The FP method involves
computing the trajectories of dust grains ejected from the nucleus
at velocity v and under the influence of solar gravity and radiation
pressure. The scattered light from a distribution of dust emitted
from the nucleus over a range of times as they move away from
the comet is computed and then compared to the surface brightness
of the imaged dust.

Five Comet 9P/Tempel 1 datasets were modeled: March 19,
1999 (pre-perihelion), May 26, July 9, August 21, and September
30, 2000 (post-perihelion) using a pseudo Finson–Probstein code
(Farnham, 1996). All the images were median combined, and in
general this worked well to obtain star-free images of the low sur-
face brightness dust tail (see Fig. 14). Because the dust in the tail
followed a trajectory expected for emission from a point source,
the models did not include emission relative to the comet’s rota-
tion axis. The best models did include greater emission from the
sunward direction (see Fig. 15 for the emission function), which
agrees with spacecraft encounter emission data which show max-
imum outgassing at the subsolar point. This is indicative of a very
low thermal conductivity for the surface materials (A’Hearn et al.,
2005). Fig. 15 compares the result of the FP modeling to the imag-
ing data from August 21, 2000.

Four models corresponding to 144, 188, 230, and 271 days
post-perihelion, produced similar model parameters (see Table 6).
These showed that particle emission began 200 days before peri-
helion (r = 2.9 AU), and continued until the date of observation.
The data were best fit with particle sizes ranging from 3 lm to
1000 lm, with emission rates proportional to a�1. All four dates
used similar particle velocities, with smaller particles having larger
velocities. The particle velocities were adjusted during the model-
ing process, but varied on a roughly logarithmic scale with size,
with velocities for each set of observations being identical except
for a small variance in velocities of the larger particles (100 lm
and greater). The velocities for the smaller particles, ranging from
sizes 3 to 300 lm, were 9–16 m s�1 for all data. The modeling is
much more sensitive to small variations in particle size rather than
their velocities, and identical particle velocities for all the dates
would still give good results. It should also be noted that particles
smaller than 30 lm emitted before perihelion did not show up in
the models; these small particles have moved so far from the nu-
cleus that they have left the image by the time the comet was ob-
served. This implies that activity may have occurred well before
200 days prior to perihelion (r = 2.9 AU), but that this activity con-
sisted of small particles and we have no information about this
from these images.

The four post-perihelion observations also gave similar particle
production rates, with each date having identical relative produc-
tion rates, with the absolute rates varying at most by less than
an order of magnitude (see Table 6). The rates peaked at perihelion
and remained stable for 100 days afterward, with a fall off at times
before and after. Determining the production rates is the last step
in the modeling process, since they do not influence the contours
of the model. The contours are dependent on flux, and flux scales
linearly with production rate. In general, other parameters were
adjusted to get the contours of the model to agree with the data,
and then the particle production rate was adjusted (see Fig. 15).



Fig. 8. Representative Comet 9P/Tempel 1 light curves. Reduced R-band magnitude is plotted versus UT for a selection of dates. The value of having observatories at different
longitudes is evident for several of the dates, and was especially important to help remove the diurnal sampling aliases for this slowly rotating comet. Color Key: Black –
Mauna Kea, cyan – Palomar, blue – Lowell, Kitt Peak (triangles), red – India, magenta – China, green – La Palma, ESO (triangles). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The R(1,1,a) data are plotted versus phase angle for Comet 9P/Tempel 1. The dotted line represents an unweighted linear fit to the data and the solid line is a weighted
fit. Data at small phase angles dominate the weighted fit. The dashed line represents the fit from resolved encounter images (Li et al., 2007) and agrees well with the data. The
fit from Belton et al. (2005) used a much smaller set of ground-based measurements.
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The production rate adjustments were determined by subtracting
the model from the data and assessing at the residuals. On the
whole, the 2000 9P/Tempel 1 data displayed remarkably similar
modeling parameters. The particle sizes, emission times, velocities,



Fig. 10. R(1,1,0) versus calendar year. The data have been corrected to zero phase angle using a linear phase law of 0.045 mag deg�1. The flat trend between 2001 and 2004
indicates that coma there is negligible and the scatter in that region is almost entirely due to the spin of the nucleus. The open circles are the HST data of Lamy et al. (2007).

Fig. 11. R(1,1,0) versus heliocentric distance. The brightness asymmetry about perihelion is clearly evident. Notice that the mean trend becomes independent of heliocentric
distance beyond 4 AU, which indicates that light scattered from the nucleus dominates the signal.

Fig. 12. R(1,1,0) versus time from perihelion passage. This figure shows the repeatability of the data from one perihelion to the next and also the asymmetry of the light curve
about perihelion.
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production rates, and emission functions were all within an order
of magnitude of each other (and in most cases identical).

An additional model was made for March 19, 1999, correspond-
ing to 289 days before perihelion. This model displayed some sim-
ilar characteristics to the post-perihelion models, but also some
differences (see Table 6). Although the particle production rates
are much higher before perihelion, there is still consistency in
the models if one notices particle size. The particles emitted before



Fig. 13. Spectra of Comet 9P/Tempel 1 obtained with LRIS on the Keck I telescope showing the development of the gas emission. The heliocentric distances and days before
perihelion, q, for the spectra are (top to bottom): June 8, 2005 (r = 1.531 AU; q-27 dy), January 6, 2005 (r = 2.241 AU; q-180 dy), December 4, 2004 (r = 2.435 AU; q-212 dy).
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perihelion were small and would not be observed after perihelion
because their speed carried them far from the nucleus. These
particles would not be included in the rates from models after peri-
helion. Additionally, large particles reflect more light and contrib-
ute more to flux than smaller particles, so a higher production of
small particles is needed to account for the observed flux prior to
perihelion. Another difference not shown in the table is that the
relative emission rate of particles was proportional to a�3 in the
pre-perihelion model, as opposed to a�1 in the post-perihelion
models. It should be noted that the dust onset, or activity ‘‘turn-
on’’ determined from the pre-perihelion data is a limit, i.e. that
activity had begun by q�350 days (r = 3.2 AU), although it could
have begun much earlier, but we do not have the information in
the images for small grains.
2.3.7. Monte-Carlo dust modeling
Based on the Monte-Carlo dust modeling (Samarasinha et al.,

2004), Comet 9P/Tempel 1’s persistent southern dust feature ob-
Table 5
1 AU Haser model scale lengths.

Molecule Parent scale length (km) Daughter scale length (km)

CNa 1.7 � 104 3.0 � 105

C3
a 3.1 � 104 1.5 � 105

C2
a 2.5 � 104 1.2 � 105

NHb 5.0 � 104 1.5 � 105

OHc 2.4 � 104 1.6 � 105

a Determined from Cochran et al. (1992).
b Determined from Randall et al. (1992).
c From Cochran and Schleicher (1993).
served in visible wavelengths during early 2005 is compatible with
low dust velocities (�20 m s�1) (Vasundhara, 2009). The apprecia-
ble curvature of this dust feature indicates that radiation pressure
effects are significant. Modeling suggests that the radiation
pressure parameter, b, is of the order of 0.1 and that b increases
at larger cometo-centric distances. The low dust velocities are sug-
gestive of large dust grains (�several microns) whereas the rela-
tively large b values (for that grain size) indicate that these
grains may have larger cross sectional areas than the canonically
accepted values. This scenario is consistent with large fluffy dust
grains (Samarasinha et al., 2004). Furthermore, indications for
increasing b with increasing cometo-centric distance are sugges-
tive of fragmentation of these large dust grains as they move away
from the nucleus. Fig. 16 shows the Monte-Carlo simulation for the
persistent southern dust feature seen during spring 2005. The
simulation assumes an initial dust ejection velocity of 20 m s�1

and a constant b of 0.1. The rotation pole of Thomas et al. (2007)
is adopted in the simulations.

2.4. Onset and cessation of activity – water-sublimation models

We used a simple sublimation model (Meech et al., 1986) to
evaluate the comet’s activity as a function of distance, r from the
Sun. Once there is sufficient energy for ices to sublimate, the gas
mass loss may be obtained from the energy balance equation for
a nucleus in thermal equilibrium (neglecting conduction in this
approximation):

F�ð1� AÞ
r2 ¼ v erT4 þ LðTÞdms

dt

� �
ð4Þ



Fig. 14. (a) Median combined composite image of Comet 9P/Tempel 1 from August 21, 2000. North is up and East is to the left. This image is 2.65 by 1.70 � 105 km in the
plane of the sky. (b) Plot showing the expected dust particle trajectories (syndynes and synchrones) for the same date. s is days relative to perihelion and b (the particle size
parameter) corresponds to a 0.3 lm radius dust grains. (c) Dust mission function for all models between 1999 March and 2000 September. Zero degrees corresponds to the
sunward direction.
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Fig. 15. Contour plots of Comet 9P/Tempel 1 data for the median combined composites (left side) and for the best fit FP dust-dynamical models on the right. The rows from
top to bottom correspond to the dates: March 19, 1999 (pre-perihelion), May 26, July 9, August 21 and September 30, 2000 (post-perihelion). North is up and East is to the left.
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where F� is the solar constant, A is the albedo, v takes account of
the rotation (a slow rotator has v = 2 and an isothermal nucleus
has v = 4), e is the infrared emissivity and r is the Stephan–
Boltzman constant. The latent heat as a function of temperature,
L(T) (J kg�1) is fit to data (Cowan and A’Hearn, 1982), and the mass
loss rate per unit area, dms/dt is related to the sublimation vapor
pressure P(T) via

dms

dt
¼ PðTÞ lmH

2pkT

h i1=2
ð5Þ

where (2kT/lmH)1/2 is the thermal gas velocity. These equations are
solved iteratively for the mass loss. The escaping gas will drag dust
from the surface layers, and assuming a dust to gas mass ratio and a
particle size distribution, this can be used to calculate the amount of
scattered light from dust in the coma. The total mass of grains in the
observing aperture is equal to the mass loss from the nucleus, dM/dt
(kg s�1) times the time, t, spent in the diaphragm

ðpvb2Þcoma ¼
3pv

4pqa
dM
dt

� �
t ð6Þ

where (pvb
2)coma is the grain cross section (m2), pv the geometric al-

bedo, q the grain density (kg m�3) and a (m) the grain radius. The
coma grain cross section is related to the total coma brightness via:

ðpvb2Þcoma ¼ 2:24� 1022r2D2100:4ðm��mcomaÞ10bpa ð7Þ

where m� is the solar magnitude and mcoma the brightness of the
coma dust, and r and D are the heliocentric and geocentric distances
in AU. The product bpa is the phase correction, where bp is the phase
function (see Section 2.3.4) and a (�) is the observed phase angle.
Table 6
Parameters for Finson–Probstein model of Comet 9P/Tempel 1.

Image (date) Dust onseta (dy) Obs. a (dy) amin
b (lm)

3/19/99 �350 �289 3
5/26/00 �200 144 3
7/09/00 �200 188 3
8/21/00 �200 230 3
9/30/00 �200 271 3

a Days with respect to perihelion, (�) pre- and (+) post. Dust onset is the modeled activ
modeled.

b Min and max grain size used in fit.
c Min and max particle flux.
d Grain velocities for sizes 1000–300 lm. Other model parameters are not listed for e

than 300 lm were identical for all five apparitions.

Fig. 16. On the left, a persistent southern dust feature (observed on March 12, 2005 in
syndynes (dashed lines) are marked; North is up and East to the left in the images, and th
of the observations. Both the observation as well as the simulation were enhanced by div
The coma flux is then added to that from the nucleus for compari-
son with the observed heliocentric light curve.

The fixed parameters used for the fits are shown in the left col-
umn of Table 7. Because so much is known about the nucleus from
the encounter and ground-based observations, for this simple
model the main free parameters are effectively the outgassing rate
and the grain sizes. However, these are coupled because what we
are really measuring with the photometry is the scattering cross
sectional area, which is a product of the number of grains times
the cross sectional area per grain. To look at first order effects,
we therefore used only a single particle size (a = 1 lm). It was
not possible to fit the light curve with a single fractional active area
on the nucleus, this changed with heliocentric distance. Thus, a
series of models were run to systematically change the active area
both inbound and outbound and these parameters are shown in
the right hand column of Table 7. The model fits compared to the
data are shown in Fig. 17. The model outputs in addition to the pre-
dicted total coma brightness, the dust production rate as a function
of distance, the surface ice temperature, and the critical dust size,
acrit, the maximum size that can be lifted from the nucleus

acrit ¼
9lmHQv th

64p2qdustqnucR3
NG

ð8Þ

where Q (mol s�1) is the gas production rate, qdust and qnuc (kg m�3)
are the dust and nucleus densities, respectively, RN (m) is the nu-
cleus radius and G the gravitational constant. At the point at which
activity caused a noticeable brightening in the 9P/Tempel 1 light
curve, acrit � 3 lm.
amax
b (lm) Fmin

c (s�1) Fmax
c (s�1) vgr

d (m s�1)

30 3.5 � 1013 5.0 � 1013 n/a
1000 4.2 � 108 5.4 � 108 2.2–5.0
1000 1.4 � 108 1.8 � 108 2.2–5.0
1000 2.52 � 108 3.78 � 108 2.16–6.0
1000 1.8 � 108 2.9 � 108 2.4–6.0

ity initiation, Obs. is the date of the observed image from which the dust onset was

ach model because they do not change. For instance, the velocities of particles less

R-band). The projected solar direction, as well as the synchrones (solid lines) and
e scale is 7.8 � 104 km projected in the plane of the sky. On the right is a simulation
ision by an 1/q profile, where q is the sky-plane projected cometo-centric distance.



Table 7
Water-sublimation model parameters.

Fixed parameter Value Reference Model region factive ’00a factive ’05a

Ice type H2O Inbound: Q to 3.25 AU 0.0007 0.0007
Albedo 0.039 Li et al. (2007) Inbound: 3.25–2.8 AU 0.0014 0.0014
Emissivity 0.9 Groussin et al. (2007) Inbound: 2.8–2.4 AU 0.0018 0.0017
Phase coeff. (mag deg�1) 0.045 This paper Inbound: 2.4–2.2 AU 0.0045 0.0035
Grain density (kg m�3) 103 Assumed Inbound: 1.9 AU to q 0.01
Grain size (m) 10�6 Assumed Outbound: 2.0–2.6 AU 0.005
Grain size distn. No Outbound: 2.6–3.2 AU 0.006
Nucleus radius (m) 3000 A’Hearn et al. (2005) Outbound: 3.2–3.4 AU 0.007
Rotation rate Slow Belton et al. (2011) Outbound: 3.4 AU to Q 0.0085

Note. The parameters which were held fixed for all the models are shown on the left of the table; the right side has the fit parameters as a function of apparition.
a Free parameter for model fits: fractional nucleus surface area.

K.J. Meech et al. / Icarus 213 (2011) 323–344 339
3. Discussion

3.1. The nucleus phase function

The preliminary analysis of the disk integrated phase function
of the nucleus of Comet 9P/Tempel 1 allows us to determine the
linear portion of the phase curve: b = 0.045 ± 0.001 mag deg�1

((see Fig. 9), in agreement with the analysis of the in situ disk-re-
solved images from the spacecraft (Li et al., 2007)). This value falls
well inside the range known from other cometary nuclei (0.025–
Fig. 17. Water-sublimation model for 9P/Tempel 1 plotted over multi-apparition
datasets (blue: 2000 apparition; magenta: 2005 apparition, cyan: 2011 apparition)
corrected to unit heliocentric and geocentric distance and zero degrees phase angle.
The dashed line represents the rotationally averaged brightness of the nucleus.
[Top] Pre-perihelion light curves. Blue solid curve uses parameters that fit the data
from the 2000 apparition and the magenta curve fits the data from the 2005
apparition. [Bottom] Post-perihelion light curve. The solid line represents the fit
that matches all data. The onset of sublimation with observable change in the
comet brightness and dust production is around r � 4.0 AU and the turn off date is
near r � 4.6 AU. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
0.083 mag deg�1) and measured over a similar phase angle range,
and it is close to the mean value of the sample distribution
(0.053 mag deg�1 out of 16 published linear phase function slopes
of 12 cometary nuclei). The linear portion of the curve is controlled
by surface roughness (in particular at large phase angles), and
there is a correlation between the geometric albedo and the linear
phase coefficient. The optical geometric albedo of the nucleus is
pV = 0.056 ± 0.007 (Li et al., 2007).

In contrast to an earlier analysis (Belton et al., 2005), there is no
evidence at this stage for any non-linear increase in brightness (e.g.
an opposition surge) at small phase angles (below 2�). The magni-
tude and shape of an opposition effect are caused by the porosity of
the surface materials and the albedo. Within the large dataset, we
had three periods where the observing geometry afforded us the
opportunity to observe at small phase angles: August–November
2001, r = 4.3 AU outbound, 14.1 < a (�) < 1.2; October–December
2003, r = 4.3 AU inbound, 13.4 < a (�) < 1.8; and August–November
2007, r = 4.6 AU outbound, 12.7 < a (�) < 0.5. For the 2007 period,
we obtained a series of high S/N observations using the Gemini
8-m telescope. Now that we understand the rotation to a high level
of accuracy, in a subsequent paper we will remove the rotation sig-
nature for these data sets to search for non-linear phase effects at
small phase angles.

3.2. Onset of gas production and activity

As was shown in Meech et al. (1986) sublimation of surface or
near-surface water ice can begin to lift micron-sized dust from
the surface of a comet as far out as r � 5–6 AU from the Sun. Per-
haps the most important indicator of activity in a comet is an ex-
cess in brightness seen when plotting the heliocentric light curve
from which the geometric variation has been removed (see
Fig. 17). Another indication is the appearance of a dust coma, but
typically this is not noted until significant amounts of dust are
present. This is because of two factors. First, small amounts of dust
will have very low surface brightness and not be detectable against
the background sky except in very deep exposures. Secondly, the
dust may not be resolvable beyond the image PSF at large dis-
tances. Finally, direct spectroscopic observation of gas can be
made.

The shape of the 9P/Tempel 1 light curve at the time that activ-
ity begins is consistent with the behavior of water-ice sublimation
and does not require any more volatile species, such as CO or CO2.
The more volatile species, if present, are likely to be at greater
depth in the nucleus, having been removed from the near-surface
layers in the previous perihelion passage. Inbound, the deeper lay-
ers are still very cold from aphelion as the heat starts to penetrate
the surface and the heat first reaches less volatile materials closer
to the surface.

As shown in Table 7 the models were consistent with an in-
crease in the fractional active area up to perihelion, with the peak



Fig. 18. Montage of Comet 9P/Tempel 1 images from aphelion (r � 4.7 AU) to r = 2.7 AU, covering the range of distances at which observable comet activity begins and ends.
Dust and water models suggest that the activity begins near r � 4 AU, and ends near r � 4.6 AU. All of the images are about 180 � 3600 , and have been rotated so that the
negative of the comet’s heliocentric velocity vector as seen in the plane of the sky is to the right for all images. Obvious dust coma was not detected in long exposures until
r � 3.1 AU pre-perihelion, and dust was no longer visible in deep exposures after r � 4.0 AU post-perihelion.

Table 8
9P/Tempel 1 activity.

Technique Ref. Onset–(r)
(AU)

Onset–
(time)
(q�dys)

Cessation–
(r) (AU)

Cessation–
(time)
(q+dys)

Light curve 1 �3.47 ± 0.05 �410 ± 25 +4.24 ± 0.05 +555 ± 25
FP models 2 >�3.2 >�350 – –
H2O sublimation 2 �4.0 ± 0.2 �580 ± 100 +4.6 ± 0.1 +780 ± 200
Coma appearance 2 �3.2 �350 >+3.9 >+510
CN detection 2 �2.43 �212 – –

1 – Ferrín (2007), 2 – This paper.
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effective sublimating ice surface area equal to about 1% at perihe-
lion. A’Hearn et al. (1995) found a peak production rate of
QOH = 2 � 1028 mol s�1, corresponding to a 5.24 km2 active area.
Using the surface area determined by Thomas et al. (2007) from
the encounter shape model of 119 km2, this gives factive � 4.4%. A
peak production rate for the 2005 apparition of QOH = 6 �
1027 mol s�1, was about a factor of two less at perihelion
(Schleicher, 2007). The peak 2005 production corresponded to
factive � 1.8%. The dust production at perihelion fit with the simple
water-sublimation models yields �QOH = 1.7 � 1027 mol s�1 and
factive � 1%, which is consistent with the other data, given the
accuracy of our model.

From the models, the dust production appears as a noticeable
brightening in the light curve around r � 4 AU, inbound, and has
stopped by r � 4.6 AU, outbound. Fig. 18 presents images of the co-
met over a range of distances over several apparitions to ascertain
when the activity is evident from the images. All the images have
been rotated in this figure so that the projected direction along the
orbit is in the +x-direction. The comet appears point-like with no
obvious coma (even when doing surface brightness profiles) until
between r � 3.2–3.1 AU, inbound. On the right side of the figure,
there is substantial dust out until at least r � 3.9 AU, but much of
the dust is along the orbit and may consist of large grains from
perihelion (there is in fact, a hint of this large dust trail in the
images out to r � 4.2 AU, outbound). The FP dust models show that
at perihelion dust as large as mm-sized grains is lifted from the
surface, and the water model is also consistent with maximum
grains as large as mm-scale being lifted by the gas flow.
Ferrín (2007) discusses the light curve of 9P/Tempel 1 from a
compilation of data from 1972–2005. After accounting for observ-
ing geometry, he noted an excess brightening near r = 3.47 ± 0.05
AU (or �410 ± 25 days) pre-perihelion that he attributed to the on-
set of activity. Similarly, he inferred that activity ended near
r = 4.24 ± 0.05 AU (or +555 ± 25 days). The activity profile obtained
from our measurements indicates larger distances for activity on-
set and cessation of the comet. It also suggests that the approach
of mathematical extrapolation and interpolation applied by Ferrín
(2007) in order to estimate the distance range of onset and cessa-
tion can result in predictions deviating from reality because of the
physical behavior of the comet. Table 8 summarizes the points in
the orbit when the comet is active based on the light curves, FP
dust modeling, appearance of coma and detectable gas. Clearly, a
stellar-like cometary appearance is not a good indication that there
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is no activity, and the most sensitive way to detect activity is
through monitoring the heliocentric light curve.

One interesting aspect of the water models seen in Table 7 is that
the fractional active area (for water sublimation) had to increase to
be consistent with the data; in other words, there were flat portions
in the outbound light curve which were not fading fast enough to be
explained by the sublimation model without increasing the effec-
tive active sublimation area. One possibility is that there is a sea-
sonal effect causing the apparent increase in activity. Fig. 19 is a
plot of the subsolar latitude for the nucleus illumination both
pre- and post-perihelion. Using this, and checking the 3D shape
model for the illumination geometry during the post-perihelion
arc, in particular around 2.5 and 4 AU where the slope changes in
the activity, it is difficult to argue that the activity profile is due
to seasonal effects. The nucleus rotation axis is almost perpendicu-
lar to the orbital plane, which means that most of the nucleus is
illuminated over a full rotation period and along the outbound arc
of the orbit. It is possible that there was a significant decrease of
water sublimation around 2.5 AU outbound and another volatile,
say CO2, became more dominant at about the same distance. This
is plausible based upon the fact that the illumination conditions
of the south polar region where the CO2 activity was seen around
perihelion (Feaga et al., 2007), and continuous day and night time
dust emission was measured from the ground (Vincent et al.,
2010), improve when the comet moves outbound. There is also
likely a significant effect of thermal inertia. These processes can
be more fully explored in a later paper with more detailed models.

Vasundhara (2009) discusses a detailed model of active nucleus
source regions from dust images taken near the 2005 perihelion.
Her models suggest several primary active regions on the surface,
and that one of these is likely driven by CO2 sublimation. The out-
bound heliocentric light curve may also have contributions from
the various active regions as the illumination geometry changes.
In order to understand the outbound light curve, a more detailed
thermal model combined with a precise definition of the active re-
gions is required, and this will be the subject of a subsequent
paper.
Fig. 19. Subsolar latitude for the nucleus illumination geom

Table 9
9P/Tempel 1 production rates.

Date Ta r (AU) D (AU) logQ(CN)b

2004 December 4 �212 2.435 2.434 23.25 ± 0.20
2005 January 6 �180 2.241 1.850 23.44 ± 0.15
2005 June 8 �27 1.531 0.781 24.97 ± 0.15

a Days before perihelion.
b Production rate in mol s�1.
c For Dv = 0.
d The error bars reflect the degree of the scatter in the data from the Haser model. Th

uncertainty in the flux measurement.
3.3. Direct detection of gas

From early December 2004 to early June 2005, we spectroscop-
ically monitored the onset and the development of gaseous species
(such as CN, C2, C3 and OH) in the coma of 9P/Tempel 1. The devel-
opment of the gaseous species is shown in Fig. 13. In December
2004, 9P/Tempel 1 was at r = 2.44 AU from the Sun and the imaging
data show that the cometary activity of 9P/Tempel 1 was still low.
However, a weak CN emission band centered at 3880 Å was de-
tected at a 10 r level against the continuum. As the heliocentric
distance of the comet approached r = 2.1 AU in January 2005, the
CN emission band became at least 10 times stronger compared
with the December data. In addition, a C3 emission band was de-
tected at 6 r level and a C2 emission band was detected at 4 r level.
In June 2005, the comet was only 1.5 AU from the Sun. As such,
several strong emission bands were observed in the Jun data. In
particular, an OH band at 3080 Å and a NH band at 3350 Å were de-
tected. Although the OH band was strong, this is very near the edge
of the chip which was not well flattened, and the flux of the stan-
dard stars were only measured to 3200 Å. In addition, the OH flux
is also affected by the high and unknown near-UV extinction. The
production rates are presented in Table 9.

The production rate of CN in December 2004 is relatively low
compared with other comets at similar distances; however many
of the comets with CN observed out to much larger distances are
unusually active or dynamically new comets, and only a handful
of Jupiter-family comets have had CN observed at distances as
large as r = 2.4 AU (A’Hearn et al., 1995; Schulz and Schwehm,
1999; Schulz et al., 2004; Gilbert et al., 2010).

3.4. Secular variations

Low spectral resolution observations of the comet during four
apparitions from 1983 through 2005 showed a secular decrease in
gas production by a factor of 1.3–2.7, depending on the species
(Cochran et al., 2009), with a peak in the production occurring
roughly two months pre-perihelion. A similar secular decrease
etry pre- and post-perihelion for the 2005 apparition.

logQ(C3)b logQ(C2)b,c logQ(NH)b logQ(OH)bd

— — — —
23.00 ± 0.25 23.28 ± 0.25 — —
24.76 ± 0.15 24.94 ± 0.20 25.51 ± 0.25 27.60 ± 0.25

e derived production rate of OH has a higher degree of uncertainty due to the large
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was seen in narrow band photometric data from 1983–2005 cov-
ering three apparitions (Schleicher, 2007). The decrease in the
dust production was about 20% from 1994–2005, with larger vari-
ations in the gas species. Schleicher (2007) suggests that the very
large decrease may indicate that the comet has at least two
source regions of different compositions, one being near a rota-
tion pole, and that one of these is becoming significantly less
active.

The simple water models presented here (see Table 7 and
Fig. 17) are also consistent with a secular decrease in water pro-
duction of a factor of �1.3 from the 2000 to the 2005 apparitions.
Unfortunately, because every other apparition is poorly placed for
ground-based observations, there will not be any additional
pre-perihelion data for the 2011 apparition. Perihelion occurs on
January 11, 2011, and the Stardust-NExT encounter will be on
February 14, 2011. At this time the comet will just barely be com-
ing out of solar conjunction in the early morning twilight hours,
and it will be difficult to observe from Earth until June 2011, at
which point the comet will be near r = 2.0 AU outbound.
4. Conclusions

A massive, international observation program was carried out in
support of the Deep Impact and Stardust-NExT missions. Photomet-
ric data from 25 telescopes at 14 observatories were converted to a
single photometric system based on the Kron–Cousins system on
the UH 2.2-m telescope. The resulting light curve was a critical
component of the mission allowing the behavior of the comet be-
fore, during, and after impact by the Deep Impact impactor space-
craft to be placed into context of evolving dust coma. The onset
of dust production and its relationship to the beginning of water
production were tracked during multiple apparitions of the comet.
Early results were used to calculate exposure times for the DI
impactor and flyby spacecraft. Temporal activity driven by dust
ejection was monitored and the rotation of the nucleus was deter-
mined and this has been used to adjust the time of arrival of the
Stardust-NExT spacecraft (Belton et al., 2011).

In addition, from these data we have drawn the following
conclusions:

1. We have determined the linear phase coefficient for the nucleus
of the comet in the R-band to be 0.045 ± 0.001 over a range of
phase angles from 1� to 16� when the comet was beyond r = 4
AU. This is in agreement with the linear phase coefficient seen
for the resolved spacecraft images and is consistent with the
linear phase functions of other low albedo comet nuclei.

2. Simple water-ice sublimation models can be made to fit the
data which show that the effective fractional area of the nucleus
that is active is �1%. Detectable activity began around 4.0 ± 0.2
AU (q�580 ± 100 dy), and ceased near r = 4.6 ± 0.1 AU
(q+780 ± 200 dy). The peak production rate of water implied
by this model is QH2O � 2 � 1027 mol s�1, which is within rea-
sonable agreement (factor of three) with perihelion measure-
ments, given the approximations in the model.

3. Detectable extended dust coma in the images is not seen until
r � 3.1 AU inbound for the 2000 apparition, but begins some-
time between r � 3.5 and 2.5 AU for the 2005 apparition and
between r � 3.1 and 2.8 AU for the 2011 apparition; thus the
appearance of an extended dust coma is not a good indicator
of early activity. The comet will typically be active at much lar-
ger heliocentric distances, but the coma beyond the seeing disk
has a surface brightness below the detection threshold, even for
very deep images.

4. There is a significant asymmetry in the heliocentric light curve.
The maximum grain sizes coming off the surface when the
activity began were a few microns in size and at perihelion up
to mm size.

5. Finson–Probstein dust-dynamical models of pre-perihelion data
from the 2000 apparition show that the inbound activity began
prior to q�350 days (r > 3.7 AU), with ejection of relatively
small dust grains (a� few – 30 lm). This is consistent with
the beginning of activity seen from the water-sublimation mod-
els. Post-perihelion models showed that the tail was consistent
with the presence of grains as large as mm-sizes.

6. In order to fit the data, the effective fractional nucleus active
area in the water-ice sublimation model for the outbound leg
systematically increases between �2 and 3.4 AU. This is unli-
kely to be caused only by a seasonal effect but may be caused
by sublimation from active regions of different composition as
the illumination geometry changed post-perihelion combined
with thermal inertia effects. This will be addressed with more
detailed modeling in a subsequent paper.

7. The activity on the inbound portion of the light curve shows a
secular decrease in production of about a factor of 20% from
the 2000 to the 2005 apparitions.

8. Monte-Carlo models of the dust jets seen near perihelion sug-
gest that dust from the southern jet is ejected at low velocity
(20 m s�1) and may represent fluffy grains.

9. We present the earliest detection of CN gas in Comet 9P/Tempel
1 at a distance of r = 2.435 AU (December 4, 2004) with
Q(CN) = 1.8 � 1023 mol s�1. This was long after the first indica-
tions of activity from visible dust coma and the brightening
seen in the heliocentric light curve. At r = 2.241 AU C2 and C3

emissions were detectable and Q(CN) had increased to
2.75 � 1023 mol s�1 and by June 6, 2005 at r = 1.531 AU, Q(CN)
was at 9.3 � 1024 mol s�1. This emphasizes the fact that going
after spectroscopic detection of gas emission is not the most
sensitive indication that activity has begun (because of sensitiv-
ity and resolution limitations); a measurement of the heliocen-
tric light curve is more sensitive.

More detailed exploration of the data is currently under analy-
sis, including:

1. We have datasets obtained during three oppositions when there
was no apparent dust coma around the nucleus and when the
comet passed through minimum phase angle (8/19/01-1/17/
02, 14.1� < a < 1.3�; 10/12/03-1/2/04, 13.6� < a < 1.8�; 8/19/07-
11/21/07, 12.7� < a < 0.5�). Careful modeling of these data will
be performed to derive detailed information about the nucleus
phase function and scattering properties of the surface materials
comparing this with data obtained in situ from the spacecraft
during encounter at very large phase angles. We now have suf-
ficient knowledge of the rotation light curve (Belton et al., 2011)
to remove the rotation signature from the data to search for an
opposition surge and use Hapke modeling formalism.

2. We will compute more sophisticated thermal models account-
ing for multiple surface active regions of possibly differing com-
position, a changing particle size distribution and using quasi
3D code with input boundary constraints from the Finson–
Probstein dust-dynamical models to study the activity and sec-
ular evolution of the nucleus.
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