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Abstract

We present the secular light curve (SLC) of 133P/Elst-Pizarro, and show ample and
sufficient evidence to conclude that it is evolving into a dormant phase. The SLC provides
a great deal of information to characterize the object, the most important being that it
exhibits outburst-like activity without a corresponding detectable coma. 133P will return to
perihelion in July of 2007 when some of our findings may be corroborated.

The most significant findings of this investigation are: (1) We have compiled from
127 literature references, extensive databases of visual colors (37 comets), rotational
periods and peak-to-valley amplitudes (64 comets). 2-Dimensional plots are created from
these databases, which show that comets do not lie on a linear trend but in well defined
areas of these phase spaces. When 133P is plotted in the above diagrams, its location is
entirely compatible with those of comets. (2) A positive correlation is found between
cometary rotational periods and diameters. One possible interpretation suggest the
existence of rotational evolution predicted by several theoretical models. (3) A plot of the
historical evolution of cometary nuclei density estimates shows no trend with time,
suggesting that perhaps a consensus is being reaches. We also find a mean bulk density
for comets of <p> = 0.53+0.06 g/cm®. This value includes the recently determined
spacecraft density of comet 9P/Tempel 1, derived by the Deep Impact team. (4) We have
derived values for over 18 physical parameters, listed in the SLC plots, Figures 6-9.
(5)The secular light curve of 133P/Elst-Pizarro exhibits a single outburst starting at +42+4
d (after perihelion), peaking at LAG = +155+10 d, duration 191£11 d, and amplitude
2.320.2 mag. These properties are compatible with those of other low activity comets. (6)
To explain the large time delay in maximum brightness, LAG, two hypothesis are
advanced: a) the existence of a deep ice layer that the thermal wave has to reach before
sublimation is possible, or b) the existence of a sharp polar active region pointing to the
sun at time = LAG, that may take the form of a polar ice cap, a polar fissure or even a
polar crater. The diameter of this zone is calculated at ~1.8 km. (7) A new time-age is
defined and it its found that T-AGE = 80 cy for 133P, a moderately old comet. (8) We
propose that the object has its origin in the main belt of asteroids, thus being an asteroid-
comet hybrid transition object, an asteroidal belt comet (ABC), proven by its large density.
(9) Concerning the final evolutionary state of this object, to be a truly extinct comet the
radius must be less than the thermal wave depth, which at 1 AU is ~250 m (at the
perihelion distance of 133P the thermal wave penetrates only ~130 m). Comets with
radius larger than this value can not become extinct but dormant. Thus we conclude that
133P can not evolve into a truly extinct comet because it has too large a diameter.
Instead it is shown to be entering a dormant phase. (10) We predict the existence of
truly extinct comets in the Main Belt of Asteroids (MBA) beginning at absolute magnitude
~21.5 (diameter smaller than ~190 m). (11) The object demonstrates that a comet may
have an outburst of ~2.3 magnitudes, and not show any detectable coma. (12) Departure
from a photometric R *? law is a more sensitive method (by a factor of 10) to detect activity
than star profile fitting or spectroscopy. (13) Sufficient evidence is presented to conclude
that 133P is the first member of a new class of objects, an old asteroidal belt comet, ABC,
entering a dormant phase.



1. Introduction

133P/Elst-Pizarro, 107P/Wilson-Harrington and 1996 PW are three of many
interesting objects of the solar system minor bodies. In a review, Yeomans (2000) has
proposed that the three blur the transition between comets and asteroids because they
share properties of both categories. In fact two of the objects (comets 107P and 133P)
have dual designations as asteroids 4015 1949 W1 and 7968 1979 OW?7. The confusion
about their nature comes from the fact that 107P exhibited a blue tail without coma in only
one night in 1949 (Fernandez et al., 1997), while 133P exhibited a tail without coma in
1996 and 2001 (Hsieh et al., 2004). With an orbit entirely inside the asteroidal belt, it
could be considered a member of the Themis family. Its Tisserand invariant, Tiss = 3.18,
implies that it can not belong to the Jupiter Family (JF) of comets. To add to the puzzle,
1996 PW is an asteroid that has never exhibited activity, but that has an orbit coming from
the Oort Cloud (OC) (Weissman and Levison, 1997). Thus we have an asteroid (1996
PW) in a comet’s orbit, and a comet (133P) in an asteroidal orbit.

Another worrying piece of evidence is that asteroids seem to have large amounts of
water. It has been found that 253 Mathilde and 45 Eugenia have bulk densities of 1.3
g/cm?, just above water (Yeomans et al., 1997; Veverka et al., 1997; Merline et al., 1999).
Yeomans (2000) cites the case of a freshly fallen chondrite that contained salt crystals
dated to the very beginning of the solar system.

The blurring of the distinctions between comets and asteroids has become fairly
well-established with the discovery of activity in at least 11 Centaurs (Meech and Svoren,
2005; Jewitt, 2005; Fernandez, 2006) and two additional asteroidal belt objects (Hsieh and
Jewitt, 2006), P/2005 U1 Read and 118401 (1999 RE70). It is natural to have doubts
about their cometary or asteroidal nature, and the question arises as to how to distinguish
between the two possibilities.

In this work we have compiled 154 photometric observations to create the secular
light curve (SLC) (not to be confused with the rotational light curve) of 133P, with the
intention of detecting cometary activity. What we found is that the activity is very feeble
and without a corresponding detectable coma, and the SLC is quite different from those of
the Jupiter family of comets (Ferrin, 2005, from now on Paper |). For example, it turns on
after perihelion, contrarily to the 8 normal comets previously presented in Paper | all of
which turn on before perihelion. This has important consequences for evolutionary and
interior models of these objects.

Since the plots presented in this work are a continuation of those published in
Paper |, it is recommended to take a look at the information previously presented, to get
acquainted with the 16 parameters there defined and the results shown for 8 normal JF
comets. It may also be useful to visit the web site cited at the end, where an updated key
to the parameters is kept. A comparison of the SLCs presented here with the 8 previous
ones, shows that the activity is more outburst-like than sustained. The photometric
information will help us to get familiar with this new type of unusual object.

2. Observations
Observations of this object were carried out by the author in 1996, November 06
(exposure time 5 minutes) and 07 (exposure time 20 min). The two nights were
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photometric. The images are shown in Figure 1. The field size of these images is 5.3x5.3'
of arc. The instrument used was the 1 m Schmidt telescope of the National Observatory
of Venezuela coupled with a Thompson 7883 CCD, of 576x384 pixels. Since this detector
had a fairly low quantum efficiency, no filter was used to increase the signal to noise ratio.
The maximum response curve between 6500 and 7500 A, is approximated fairly well by a
broad band R filter. The CCD is quite blind at 4500 A. Processing was done using
standard reduction procedures. Calibration of the magnitudes was done using the R
magnitudes of the USNO A2.0 catalog. @ To avoid errors from poor magnitude stars, a
least squares calibration of the field was done using no less than 15 stars. Stars deviating
from the linear fit were dropped. The fact that the magnitudes derived for the two nights
using a different set of standard stars differ by a very small amount, imply that this
calibration method is good to +0.1 magnitudes. Since these are snapshot observations
partially affected by the rotational error (Paper 1), there is no need for a higher precision of
the data. Using the mean color index < V-R > = 0.40 from Table 1, the R magnitudes
were converted to visual and are listed in Table 2. These values are plotted in the SLC
and by good luck lie in the region were the comet is turning off, thus helping to define the
extent of activity of 133P.

3. Statistical Databases
In order to distinguish between comets and asteroids, and to compare 133P with

other comets, we need extensive databases of a) visual color indices (Table 1), and b)
rotational periods and peak-to-valley amplitudes of the rotational light curve (Table 3), for
many objects. So we made a special effort to gather this information from the literature,
detecting 127 scientific references on the subject. Additionally, c) we compiled the
evolutionary history of density estimates of cometary nuclei (Table 4) from 20 papers.
133P does not have its infrared colors or albedo determined, so it is not possible to use
this data for classification purposes. The empty entries and the missing ID numbers in
the Tables indicate where observational work is needed.

a) Visual Color Indices of Comets Combining the databases of Green et al.
(1997) (5 comets), Campins and Fernandez (2002) (13 comets), Lamy et al. (2005) (21
comets), Hainaut and Delsanti (2002) (14 comets), and including our own database, we
list 142 measurements of B-V, V-R, and R-I indices for 37 comets in Table 1, information
taken from 36 scientific references. These values are plotted in Figures 2 and 3 where it
is seen that they define a well delimited area of their respective phase space.

Some published V-R values are suspect. In Table 1, a V-R=0.02 for 14P/Wolf
plotted in Figure 3 and shown entirely outside of the main distribution, a V-R=0.99 for
74P/Smirnova-Chernyk, and a V-R= - 0.11 for 87P/Bus. Another observer measured V-
R=0.55 for comet 87P/Bus (confirmation Table 1) making the first determination suspect.
Also 86P/Wild 3 has a very small V-R= 0.12 measured. All the above observations
should be confirmed. They might be real.

It was found observationally that even those comets that exhibited a small coma fall
inside the distribution. This is presumably due to the fact that light scattered from grains
larger than the wavelength of light does not know if it hit a grain or if it hit the real nucleus.
Large grains mimic the nucleus. Comets with comas composed of small grains depart
significantly from the distribution but a small coma contamination does not.



In this work the mean value of variable x will be denoted by <x>. From these
extensive number of measurements the mean values can be quoted as (confirmation
Table 1): <B-V>=0.761£0.16 (26 observations), <V-R>= 0.48+0.13 (77 observations),
<R-1>=0.34+0.22 (30 observations).  However the range of values is an equally valid
and perhaps more significant statistics: 0.35 < B-V <1.08, 0.20 <V-R < 0.88, 0.19 <R-I <
0.91.

b) Rotational Periods and ptv-Amplitudes Combining the databases of
Samarasinha et al. (2005) (25 comets), Lamy et al. (2005) (26 comets) and including our
own database, 82 rotational periods, and 58 rotational peak-to-valley (ptv) amplitudes of
64 comets have been collected in Table 3. This information has been extracted from 78
scientific references. Notice that Aror as defined here and in Paper | equals the peak-to-
valley amplitude of the rotational light curve.

Some Agrot have been measured from data given by the authors, when the author
did not measure this parameter. Comets marked with UR are unpublished results of
rotational periods by the author, listed here for completeness. The Aror measured are
frequently lower limits of the ptv-values, unless we are looking on the comet equator on. If
the pole has a significant obliquity then the ptv-amplitude, Aror, Will be near zero twice in
the orbit. Three plots can be constructed from Table 3: Arot of the rotational light curve
vs the rotational period (Arot VS Prot) and two histograms of asteroidal and cometary
Arot (Number vs Agor , and Number vs Prot). None of these plots are shown in this
work, but they are available at the web site cited at the end. The first two plots show the
populations of comets and asteroids as superimposed. Agror iS @ non-constraining
variable, and does not help to discriminate comets from asteroids. Accordingly, Aror is
not considered further. A positive correlation is found between Pror and diameter of the
object, shown in Figure 4 and discussed in the next section.

From this extensive data set the following statistics can be derived: 3.47 h < Prot <
540 h, <Prot>= 40.0£82.6 h (82 observations), 0.05 < ptv-Amplitude < 1.3 magnitudes,
<ptv-Amplitude> = 0.52+0.26 (58 observations)

c) Historical Evolution of Density Estimates for Cometary Nuclei Methods to
study the density and structure of cometary nuclei have been reviewed by Weissman et al.
(2004). A previous compilation of density estimates of cometary nuclei was made by
Meech (1996a).

A most significant development has taken place recently, when the density of
comet 9P/Tempel 1 has been measured from observations made from the Deep Impact
spacecraft. A’Hearn et al. (2005) using the ejecta fallback after impact, measured p =
0.62 (+0.47, -0.33) g/cm3. This is the first time a density is inferred from spacecraft in
situ data. Interestingly, this value is in accord with ground based estimates, suggesting
that perhaps a consensus is being reached (Figure 5).

Including our own database in Table 4, and discarding non-constraining values,
Figure 5 shows the historical evolution of 21 density estimates using 10 independent
methods. It is interesting to notice that the estimates do not show a trend with time.
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The estimated mean density is <p> = 0.52+0.06 g/cm>. A better descriptor could be
the range, 0.40 <p <0.70 g/cm® .There are two discrepant values. The density of comet
19P/Borrelly has been estimated by Davidsson and Gutiérrez (2004) from 0.18 to 0.30
g/cm®, 26 below the mean. However this result is contradicted by the density previously
determined by Farnham and Cochran (2002) who obtained a value of 0.49 (+0.34, -0.20),
and who claim that “this result is the least model-dependent comet density known to date”.
The other discrepant value is that of 133P/Elst-Pizarro for whom Hsieh et al. (2004) have
deduced p > 1.3 g/cm®, 7o above the mean.

These Tables are available in ASCII format at the web site cited at the end, which
also contains updated log and time plots for these and other comets. These tables
represent the largest data sets ever compiled on these properties.

The most notable characteristic found in Figures 2 to 4 is that comets do not
distribute themselves over a linear range, but instead they are located on well defined
areas of occupancy in the specific phase space. This will allow a precise 2-dimensional
classification of 133P.

4. 1-Dimensional vs 2-Dimensional Classification.

In the current literature it is common to use 1-dimensional classification to try to
separate suspicious objects from asteroids. This is a sensible thing to do when dealing
with small number databases. However, a 1-dimensional classification may give
erroneous results, especially if the distribution of objects is tilted like in Figures 3 and 4.
Take for example an object with colors V-R= 0.33 (that of 6P/d’Arrest) and R-I= 0.91 (that
of 21P/Giacobinni-Zinner) which are entirely reasonable for a comet when taken
separately. If we plot these values in Figure 3, they lie entirely outside the region defined
by comets, thus not describing a comet. The same happens with a hypothetical object
with Pror= 69 h (that of comet 109P/Swift-Tuttle) and D= 1.2 km (that of 46P/Wirtanen).
Plotted in Figure 4 this hypothetical object does not lie in the area defined by comets and
thus could not represent a comet. In conclusion, a 7-dimensional classifications may give
misleading results.

When we leave the realm of small numbers and begin to deal with medium size
numbers (like in Tables 1 and 2), a 2-dimensional, more accurate classification becomes
possible. For 133P we will attempt 3 2-dimensional classifications. The idea is that by
plotting 133P in as many as possible 2-dimensional diagrams, other objects will be filtered
out. In an N-dimensional phase space of physical properties, comets define a volume.
It is claimed that if N is sufficiently large, only comets populate that volume. In this work
we will use 9 physical properties for classification purposes (see below), so N=9.

Correlation of Rotational Periods and Diameters = Cross-correlating the rotational
periods, Prort, given in Table 3 and the diameters given by Meech et al. (2004) and Lamy
et al. (2005) it is possible to create Figure 4, where comets exhibit a tilted oval-like
distribution of rotational periods. The probability that this distribution is drawn from a
random sample is P=0.0025. The rotational periods get shorter with age, going from ~30
hr for a ~30 km nucleus, to ~10 hrs for a ~3 km nucleus.

Removing the two extreme left data points, 147P and 46P, only makes the
correlation stronger with the probability of being drawn from a random sample diminishing
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from P= 0.0025 to P= 0.0011 and the slope going from 0.50 to 0.73 (confirmation Figure
4). However there is no reason to do so since these two points are well determined.

What this exercise teaches us is that additional observations of rotational periods,
specifically of small nuclei, are critically needed to define the slope precisely. Slope is a
necessary condition for rotational evolution, and the distribution does exhibit slope.

The question is how to understand this correlation. We have two hypothesis. In
the first one the diameter of a comet remains constant as a function of time. Perhaps
only the ice recedes inside the nucleus and a crust is formed making sublimation more
and more difficult with time. In this case the speed up of rotation seen for smaller objects
may simply be due to their smaller mass, making it easier for the jets to induce a torque
and a rotation. Let us remember that the moment of inertia scales as ~(radius)?, so
smaller objects are much more easier to spin up.

In the second hypothesis the diameter is a function of time. There is plenty of
evidence to support the idea that comets lose great quantities of gas and dust to space. A
crust may still form, but the diameter would diminish as a function of time. If D
diminishes with time, objects in Figure 4 would move to the left, and then Prot would move
down (spin-up), suggesting rotational evolution.

Is there theoretical evidence supporting that scenario?. There is. Rotational
evolution is expected theoretically. Whipple (1950) was the first to suggest that
outgassing can alter cometary spin. Hartmann and Tholen (1990) proposed the same
idea. In particular Samarasinha and Belton (1995) studied the evolution of Halley-type
(almost prolate) cometary nuclei under the influence of sublimation induced torques. They
"... predict a spin-up of the nucleus providing the same set of active areas are present
over many orbits. This spin-up is presumably the major cause for nuclear splittings..."
They also find that if an active area changes, the comet might spin down for a while and
then later spin up again. Neishtadt et al. (2002) concluded that "....a comet nucleus'
rotational angular momentum will tend to increase over time, potentially contributing to the
observed phenomenon of comet nucleus splitting....". Gutiérrez et al. (2003) present
models of the rotational evolution of a small nucleus under the influence of non-
gravitational forces. For three models whose rotational period as a function of time are
presented, the nucleus may initially spin down but after a few orbits all three models spin
up significantly, confirming Samarasinha and Belton's result.

In view of these theoretical studies the second hypothesis is more probable than
the first. But since we do not know yet in what direction a particular comet will move, we
believe we may have detected rotational evolution in a statistical sense.

Additional observations of rotational periods, specifically of small nuclei, would help
confirm of deny the present results.

5. 133P/Elst-Pizarro

Introduction.  133P/Elst-Pizarro is a rather strange object that has defied
classification as an asteroid or as a comet and has a dual designation. It is characterized
by exhibiting during a short period of time post perihelion, a tail without a coma (Elst et al.,
IAUC 6456). Marsden (IAUC 6457) linked it with a previously known asteroid, 1979 OW?7.
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It has been observed only in two apparitions. The discovery took place in 1996 and
the coverage was sparse. In 2002 it was observed again and many of its physical
properties were determined by Hsieh et al., (2004), which may be considered as the most
complete study of this object to date. Weissman and Levison (1997) find it equally likely
that the object is an asteroid or an extinct comet. On the other hand (Hsieh et al., 2004)
based on the activity and dust emission, conclude that 133P satisfies the classical
physical definition of a comet.

Data Sets Hsieh et al. (2004) have collected a table of past photometric
observations of 133P, mostly photographic. In Table 2 we have compiled 40 historical
magnitudes and tail data to initiate a photometric study of this object. Delahodde et al.
(2004) have also made a study of 133P refining the rotational period, colors and absolute
magnitude. Additionally since this object has a dual designation, it appears in the
Asteroid-Dynamic Site maintained by Milani et al. (2005) that contains photometric
observations of asteroids based on astrometric measurements. These values are of low
accuracy, must be interpreted with care, and the data should only be used in a statistical
sense to corroborate V and R band independent measurements.

Origin  133P has a Tisserand invariant of 3.18, an orbital inclination of 1.8°, and
an orbit entirely inside the outer main belt. With an aphelion distance of 3.68 AU it is not
clear how this object could belong to the JF of comets. The object might belong to the
Themis family.

Work done by Levison and Duncan and presented by Weissman and Levison
(1997), shows that 8% of objects originated between 3.3 AU and Jupiter's orbit, are
ejected to bound orbits in the Oort Cloud. Moreover, recent work by Levison et al. cited
by Weissman (1999) has shown that the source of the OC comets is the entire Jupiter-
Neptune region, further in than previously thought. Relative capture efficiencies into the
Oort Cloud were 0.03, 0.08 and 0.12 for the Jupiter-Saturn, Saturn-Uranus and Uranus-
Neptune zones. Additionally they found that the relative number of planetesimals was
larger near the orbits of Jupiter and Saturn, compensating for their smaller ejection
efficiency.

Thus to explain the origin of 133P we do not need a paradigm change but only a
paradigm shift. It is plausible to assume that some comets may have originated inside
Jupiter’s orbit, reaching to the outer asteroidal belt. If such a comet were produced, it
would be made part of rock and part of ice, raising its overall density. Thus there is a
significant chance that 133P is a comet formed in the asteroidal belt since Hsieh et al.
(2004) derived a minimum density of p> 1.3 g/cm?.

Binzel (Chaikin, 2004) proposed to name such an object "activated asteroid", which
implies two words. Chaikin (2004) suggested comet-asteroid or “cometoid”, but there is
the doubt if "astermet" could be a better choice. Following Hsieh and Jewitt (2006) who
proposed Main Belt Comet (MBC) which is short, we decide to adopt ABC for Asteroidal
Belt Comet, which is short and easy to remember.

It is postulated then, that the outer fringes of the asteroidal belt might have
originated a family of objects sharing characteristics of comets and asteroids, that could
best be designated as ABCs. Physically, ABC implies an origin in the asteroidal belt and
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a density larger than that of comets (confirmation Figure 5, where 133P lies 7c above the
mean).

Due to their narrow formation region, these objects should be few. The region of
formation does not have to have been uniform. Perhaps only lumps and clouds of icy
material were sent in the direction of the MB asteroids, and some asteroids and not others
picked up this material.

We believe that 133P is the first member of this class, proven by its density. It
should be remembered that 95P/Chiron was the only and first member of its class for a
long time, until new centaurs were found. The same situation is taking place with 133P.
Hsieh and Jewitt (2005) are conducting a MBA search for asteroids that may exhibit
activity and have already found two new objects (Hsieh and Jewitt, 2006), P/2005 U1
Read and 118401 (1999 RE70).

Nuclear Magnitude and phase coefficient Hsieh et al., (2004) found B =
0.044+0.007 mag/deg. The phase coefficient lies within the ranges found in Paper |
(0.025<p<0.069 mag/deg). However Delahodde et al. (2004) mention that their phase
curve is not consistent with that of Hsieh et al. (2004) but did not publish any further
details. The only available nuclear magnitude is that of Hsieh et al. (2004), who found
Vn(1,1,0)= 16.0210.03 .

Colors We first ask if 133P shares common B-V, V-R, R-l, Protr and diameters
with those of comets. This is done through the use of 3 2-dimensional plots (Figures 2 to
4). The colors of this object have been measured by Hsieh et al. (2004) and Delahodde et
al. (2004) (see Table 1). In Figures 2 and 3 a 2-dimensional classification shows that
133P lies confortably inside the area defined by JF comets.

Infrared Colors and Albedo. There are no tabulated values of these parameters in
the literature. It would be a good scientific objective to determine them in the next
apparition that will take place in July, 2007.

Rotational Period  Reviews of the rotational properties of comets have been
published by Jorda and Gutiérrez (2002) and Samarasinha et al. (2005). Toth (2006) has
concluded that the direction of the rotational pole of this comet is still unknown. Hsieh et

al. (2004) have derived a rotational period Pror= 3.471£0.001 hr, and Delahodde et al.
(2004) have refined this value to 3.47113+0.00001 hr.  This is the shortest rotational
period of all known comets. When this information is correlated with the diameter
determined by Hsieh et al. (2004) of D= 4.6£0.6 km, it is possible to plot this value in
Figure 4. It can be perceived that the location of 133P is not inconsistent with that of other
JF comets.

Secular Light Curve Figures 6, 7 and 8, show the log and time plots that
constitute the secular light curve of 133P/Elst-Pizarro. The pyramidal line at the bottom
describes the nucleus. The nuclear lines have a slope of 5 = 2.5 n, where n=2 for a bare
nucleus. Consult Paper | or the web site for other parameter definitions. The SLCs
provide a large amount of new information.
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Turn-on point  The comet turns on after perihelion at Roy = +2.641+0.002 AU, and
has a LAG= +155+10d, where LAG is the time delay after perihelion. For comparison all
comets in Paper | have turn on points before perihelion and very small LAG times (the
largest one being that of 67P/Churyumov-Gerasimenko with LAG= 33+8 d). So 133P is a
record holder.

There are two possible interpretations of this large delay: a) if the pole is
perpendicular to the orbit, then there is no way to produce such a large LAG unless the
sublimating layer is deep inside the nucleus, and the thermal wave has to reach it before
sublimation is possible.  b) If on the other hand the pole of the comet is parallel to the
orbit and points to the sun at LAG = +155 d, then the approach to maximum brightness
would be a very slow affair, which is not seen. The only way to circumvent this
inconvenience is to postulate the existence of a polar active region that could take the
form of a polar ice cap, a polar fissure, or even a polar crater. However to explain the
sharp turn on and turn off, this active region would have to be very sharp. This is not
unlikely, since both Earth's and Mar's polar caps are sharp.

The first hypothesis would explain the low ejection velocity of the dust (Hsieh et al.,
2004), since the gas would have to percolate through the crust above, and be carried out
by the solar wind producing a narrow tail in accord with observations. Activity originated

by gas jets results in much larger ejection velocities, wider tails and comas. A suitable
thermal model assuming a thermal conductivity would be capable of estimating the depth
of this layer but is beyond the scope of this paper. This hypothesis also implies that the
object is completely covered with a crust layer, which would additionally be consistent with
its old age (discussed further down).

If on the other hand we assume the second hypothesis, a polar active region, then
the diameter of this region can be estimated. From the turn on and turn off distances,
Ron, Rorr, the true anomaly can be calculated. We find von = 9.9° and vorr = 55.0°. Thus
the active region has a radius of ~22.5° , a diameter of ~1.8 km, and a surface area of
~2.5 km?. This hypothesis has the advantage that the activity at aphelion (if it were
confirmed), could be explained with the opposite polar cap.

Activity Without Coma The fact that 133P has repeated its behavior in 1996 and
2001 (Hsieh et al., 2004) excludes the possibility that the activity is due to a collision event
as proposed by Toth (2000). The activity is more outburst-like than sustained. We are
going to define “outburst” as a low intensity, small duration, single episode of activity.

Hsieh et al. (2004) had previously calculated an approximated minimum period of
activity of 5 months or ~150 days. The above Figures extend this estimate and show an
outburst-like period of activity starting +42+4 d after perihelion (Sekanina, IAUC6473),
peaking at LAG = +155£10 d, duration Tactivity = 191£11 d, and range 2.3+0.2 mag with
no detectable coma (confirmation Figures 7 and 8). In Table 2 there are 15 observations
of non-coma detection. For comparison 26P/Grigg-Skejellerup had an active time
Tactivity = 203210 d and a well-developed coma. The two error bars overlap, which
implies a value entirely compatible with other comets. The comet with the smallest
amplitude of the SLC that exhibited a coma was 28P/Neujmin 1 with Aggc (1,1)= 3.2+0.2
mag (Paper 1), above the nucleus.
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The end of activity is known with a surprisingly small error, due to fortuitous
observations by Lowry and Fitzsimmons (2005) (Rorr= +2.805+0.005 AU). Our own
observations in the turn off leg of the SLC also help to constrain the period of activity.

Two nuclear observations taken far from the Sun exhibit an excess of 0.6
magnitudes and suggest that this comet might be active at aphelion (confirmation Figures
7 and 8).

Photometric-Age (P-AGE), and Time-AGE (T-AGE) From Figure 7 we know Ron
and Rorr quite well.  Asec (1,R), the amplitude of the secular light curve at the Earth's
distance 1 AU, solar distance R, can also be derived from Figure 7. However Asgc (1,1)
(the absolute amplitude defined in similar way to the absolute magnitude) remains
uncertain because the object never reaches to that distance since q = 2.63 AU. There are
two ways to find Asec(1,1). The first one is to make a theoretical model that will explain
the activity past perihelion and use its predictive power to predict the amplitude of the
activity at R = 1 AU. Calculation of such a time-dependent thermal model of the interior of
a comet is a major undertaking and is beyond the scope of this paper. The second way is
to use the comets studied in Paper | as templates to extrapolate the activity to R = 1 AU.
This is what has been done in Figure 6, where 4 comets have been scaled up or down to
fit the maximum value of the 133P outburst. Using this information we find Asec (1,1) =
6.0£1.5.  Figure 6 also shows the complete SLC of this object, enlarged for clarity in
Figures 7 and 8.

In Paper | we defined a quantity that seeks to assign a relative photometric age to a
comet, P-AGE, based solely on the activity shown in the light curve. The ability to assign
a relative photometric age to comets may be an important tool to understand a number of
events in the history of these objects and to rank them. In that paper the youngest comet
was 1P/Halley with P-AGE= 7.1+0.4 cy, while the oldest was 28P/Neujmin 1 with 100 cy,
where cy stands for comet-years, to distinguish them from real Earth years. In other
words, this is a relative calibration. The absolute SLC amplitude is Asec (1,1) = Vx (1,1,0)
- m(1,1), where Vy (1,1,0) is the absolute nuclear magnitude at 1 AU from de sun and 1
AU from Earth and phase angle equal to zero, and m(1,1) is the absolute coma
magnitude. Then the definition is:

P-AGE = 1440 / [ Asec(1,1) . ( RontRorr ) | (1)

where Ron is the turn on distance and Rorr the turn off distance. Since 133P turns on
after perihelion actually Ron is negative and when the value of P-AGE is calculated using
the data presented in Figure 7, a P-AGE= 1460 (+600. —340) cy is obtained. This implies
a very old object. The value is larger than any previously obtained, thus there is the
question if this calculation is valid and how to check it. It may be possible to validate this
conclusion by defining another age for a comet.

Our SLCs plots present the information in the space and time domain
simultaneously. But because the distance to the sun, R, is a highly non-linear function of
time, t, they are both practically independent. Take for example a low activity comet near
perihelion where R does not change practically for a short period of time but time
continues running linearly. Thus Ton+Torr is independent of R and is a more reliable
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indicator of activity than RontRorr.  Accordingly, a new time-age can be defined by
analogy with P-AGE thus:

T-AGE = 90240 / [Asec (1,1) . ( TontTorr)] =
= 90240 / [Asec (1,1) . Tacmive] cy (2)

where Tactive is the total activity time of the comet in days and cy stands for comet years.
T-AGE is calibrated setting 28P/Neujmin 1 at 100 cy, as in the case of P-AGE. Equation
2 does not have the problem that afflicts equation 1 because Tacrive is always positive.

Regardless of the shortcomings of these definitions, the advantage of P-AGE and
T-AGE is that they can be defined for any comet for which Ron, Rorr, Ton and Togr can be
measured, independently if the comet belongs to the JF or to the Oort cloud. It must be
emphasized that P-AGE and T-AGE are not yet calibrated in Earth's years but rather they
monitor the activity of the comet as an indication of age.

When T-AGE is calculated for the 8 comets presented in Paper 1, and for 133P, the
following ranking is found for the comets (P-AGE, T-AGE, cy): 1P/Halley ( 7.1, 4.2),
81P/Wild 2 (<13, <7.4), 19P/Borrelly (<14, <13), 21P/Giacobini-Zinner (<20, <12),

9P/Tempel 1 (21, 15), 26P/Grigg-Skejellerup (89, 85), 28P/Neujmin 1 (100, 100),
133P/Elst-Pizarro (1460, 80). It can be ascertained that the correlation between the two
ages is excellent, the only discrepant value being that of 133P. We suspect it is due to the
fact that 133P turns on after perihelion contrarily to the other 8 comets that turn on before
perihelion. It seems that P-AGE is more applicable to comets that turn on before
perihelion.

If the light curves of 26P and 133P are compared (see Paper I), they are
remarkably similar in several parameters: Tactive = 203 vs 191 d, Asec (1,1) = 5.2 vs 6.0,
effective diameter Degre = 3.0 vs 4.6 km. T-AGE = 85 vs 80 cy. The most significant
difference is that the activity of 133P is displaced by LAG = +155 vs +14 d and that 26P
exhibits a coma. In conclusion the parameters derived in this paper for 133P resemble
those of comet 26P.

Departure From R? Law and Threshold Coma Magnitude (TCM)  Identifying a
comet as such has up to now involved the detection of a coma. For this purpose Luu and
Jewitt (1992b) have proposed a method of searching for low-level activity by comparing
observed profiles with seeing-convolved models of nuclei plus varying amounts of coma.
However 133P exhibits activity without coma (Figures 7 and 8) and thus it seems that the
profile comparison method has a limit of detection of about ~3 magnitudes above the
nucleus. If a coma is not resolved within a seeing disk, it will never be detected no matter
how deep one can go.

An alternative method to detect activity from a low level activity object is
spectroscopy. In particular the CN band at 3883 A is easy to detect and Bus et al. (1991)
confirmed the identity of 95P/Chiron = 2060 as a comet with a 5-c detection of CN.
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Since the photometric error of many modern nuclear measurements is less than
+0.1 magnitudes, the departure from a R *? law is a more sensitive method to detect
activity than star profile fitting or spectroscopy (confirmation Figure 7 and 8), by a factor of
ten. 133P exhibits activity of amplitude ~2.3 mag easily measured, while at the same
time no coma has been detected. This has profound implications for our definition of what

is a comet. In Paper | comet 28P/Neujmin 1 exhibited a coma with a secular amplitude
Asec (1,1)= 3.2 mag, while 133P does not exhibit a coma with Asgc (1,R) = 2.3 mag. Thus
it seems that there is an intermediate value at which the coma becomes undetectable.
We call that a threshold coma magnitude, TCM, and we estimate its value at TCM=
~2.8+0.4 mag above the nucleus. Below TCM the comet is active but the coma is below
detection level.

Recently, a most important development has taken place. Meech et al. (2001,
2004) and Belton et al. (2005a) presented evidence that comet 2P/Encke exhibits activity
without a detectable coma at aphelion. Our compilation of the SLC of comet 2P/Encke
not shown here but available at the web site cited at the end of this paper, also shows
aphelion activity at previous apparitions. 133P shows a magnitude enhancement of ~2.3
magnitudes at +2.70 AU from the sun, while 2P/Encke shows a magnitude enhancement
of ~2.5 magnitudes at +4.1 AU from the sun. The activity of 2P is surprisingly strong.

In view of these results and taking into consideration the evidence presented in this
paper it is clear that the existence of a coma is no longer a requirement for identification of
an object as a comet.

Density In Table 4 we have compiled and in Figure 5 we have depicted the
historical evolution of density estimates of cometary nuclei. One of this values due to
A’Hearn et al. (2005) represents the first direct spacecraft determination of a cometary
density, based on the impact ejecta affected by the nucleus gravity. Notice the absence of
a trend with time.

21 independent estimates using 10 different methods suggest a mean value of <p>
= 0.52+0.06 g/cm>. In this plot 133P lies 7 sigma above the mean value. The minimum
density of the comet required to avoid rupture by centrifugal forces (Hsieh et al., 2004) is p
> 1.3 g/lcm 3. This can be explained if this object is part asteroid, part comet. The density
of 253 Mathilde has been found to be 1.3 g/cm® (Yeomans et al., 1997), thus 133P has
the density of an asteroid, justifying its classification as a different type of object. The
value above is a lower limit, and implies that the object has a large fraction of rock.

Comet movie We did compile the few images available of this comet in the
literature and in Internet, with the intention of creating a movie of the apparition. However
this was not possible because some images lack the scale and orientation. Thus we had
to settle for the photographic history of the comet which is available as a .ppt presentation
at the web site cited at the end.

Tail Length To complete the data given in the past plots, it is interesting to have a
plot of tail length vs time. To that effect all the collected images of 133P were measured
for tail length, including images by Rauer and Boehnhardt (1996), Balam (1996), Scotti
(2004), Ticha et al. (2004) and Hsieh et al. (2004) and our own observations.
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The observed angular tail lengths, OATL, were converted to linear tail lengths, LTL
(in the same units as A, the comet-Earth distance) using the equation:

LTL = A . sin OATL /[ cos ( 90° + OATL - o ) ] (3)

where o is the phase angle. The result is plotted in Figure 9. The 1996 observations can
be fitted with an exponential decay. The 2001 observations follow the same trend, but a)
they were made with a large telescope (University of Hawaii’'s 2.2 m) and very long
exposures (typically 1 hour), thus detecting longer tails, or b) the event was more intense
in 2001 than in 1996. Thus two exponential decays appear in Figure 9, one with a decay
rate of only 14 days, and the other with a decay rate of 94 days. They represent different
limits of detection, but are useful for planning observations.

Boehnardt (IAUC 6473) made Finson-Probstein calculations, and concluded that a
normal anti-sunward tail could be developed if the dust emission episode began +65 d
after perihelion, and that earlier times could be indicated by position angles about 300-252
degrees. Sekanina (IAUC 6473), using measurements by Offutt, obtained an initiation
time of +42+4 d. The maximum tail length (0.057 AU) is measured from Figure 9 at At =
+125+10 d . The tail was last seen active at At = +398 d (~ 1 year), and no tail was
reported in deep images at +531 and +668 d.

Measuring Tail Length Measuring the tail length is not a simple matter. It
depends on exposure time, sky background, telescope diameter, f/ ratio, CCD sensitivity,
and even field size (confirmation Table 2 and Figure 9). In order to reduce these
measurements to a standard value, the easiest solution may be to see how the tail length
grows with exposures of different times, and to scale those values with that of other
observers.

Time Evolution of Perihelion Distance, q Figure 10 shows the future time
evolution of perihelion distance, q, determined from the ephemeris provided at the Central
Bureau for Astronomical Telegrams (CBAT). It can be seen that q will increase
systematically over the next 6 perihelion passages. An increase in q of 0.085 AU implies
a decrease in total magnitude of approximately 0.85 magnitudes. Thus besides its normal
aging, 133P will suffer dormancy due to a secular increase in q. Future observations of
this comet are thus of great interest.

Is 133P a comet ? Hsieh et al., (2004) based on the activity and dust emission,
have previously concluded that 133P satisfies the classical physical definition of a comet.
This investigation supports and extends their conclusion. The 2-dimensional classification
into 3 plots implies 5 physical parameters. Including the phase coefficient, it is 6
properties compatible with those of comets. If we add to this the detection of a tail in
1996 and 2002, and the SLC with amplitude and duration compatible with those of other
comets (in particular 26P), we are considering 9 physical properties. If we consider each
of these as a yes/no (belongs/does not belong to the class of comets) question, then the
probability of answering no to 9 properties is 1/2° = 1/512 = 0.00019, thus achieving a 9-
dimensional classification.  There is no doubt that we are in the presence of a comet.
More specifically, 133P is a moderately old (T-AGE= 80 cy) ABC (origin in the asteroidal
belt and p > 1.0 g/cm?® ) entering a dormant phase (normal aging and increasing q).
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The only property that does not agree with what we know about comets, is the
density (Figure 5). However this can be explained if we assume that 133P is an ABC.

Future Observational Conditions In Table 5 we have compiled orbital data and the
next perihelion passage of the three ABCs known to date, where Tss is the Tisserand
invariant, and Tp.next is the next perihelion passage. Observations of 133P/Elst-Pizarro in
2007 are strongly encouraged to follow the evolution of this object. In that regard Figures
7, 8, 9, and 10 are very useful for planning observations. The ephemeris given at CBAT
calculates that 133P reaches perihelion around 2007, July 4". The predicted period of
onset of activity of the tail is at At = +42+4 d = 2007 August 15+4 based on the onset of
activity determined by Sekanina (IAUC 6473). At that time the object will be slightly past
opposition at an elongation angle of 153° declination —20°, and moving to higher
declinations. Thus the object is reasonably well placed for observations in the evening
sky.  Tail activity may last for more than a year depending on telescope aperture and
exposure time (Figure 9).

6. Extinct and Dormant Comets

Having established the identity of 133P/Elst-Pizarro as a comet we ask into what
final phase it is evolving. Hartmann et al. (1987) introduced the concept of pristine,
dormant and extinct comets. There are two destructive phases, collided and vanishing,
and two non-destructive final phases, extinction and dormant phases (Weissman et al.,
2003, and Jewitt, 2005).

Truly Extinct Comet If at any given perihelion passage the thermal wave were to
get to the very center of the nucleus, it would eventually (after several such passes) be
able to sublimate all volatiles, and then the object would become truly extinct. Hughes
(2003) had already recognized that the thermal wave penetration does not reach to the
center of the nucleus for most comets, and thus that truly extinct comets are scarce. A
calculation of the penetration of the thermal wave inside a cometary nucleus would clarify
this situation.

Herman and Weissman (1987) constructed a highly idealized (sic) thermal
conductivity model of the nucleus of a comet. They included in their calculation the
penetration of the thermal wave for two cases: a comet with g = 1 AU, e = 0.95 resembling
the orbit of comet 1P/Halley, and a comet with g = 1 AU, e = 0.667 resembling the orbits

of comets 10P/Tempel 2, 81P/Wild 2 and 22P/Kopff. @~ The SLCs of 1P and 81P were
studied in detail in Paper |I. They also did the calculation for crystalline ice, and for
amorphous ice. It is important to take into consideration that this calculation is
approximated due to the fact that particular values of the albedo, thermal conductivity and
internal structure were chosen, which are different from the ones that would be selected
today, and the model has not been tested for sensitivity to parameters.  Additionally
comparison with 133P might not be valid because it has a different bulk density and
therefore it might be made up of a very different material with different thermal inertia and
thermal wave depth. We will consider only their results for comet 1P/Halley and
crystalline ice because they represents an upper limit.

Having emphasized the approximated nature of this calculation, what can be
deduced from their Figure 2, is that the thermal wave gets exhausted at a depth of only
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~250 m for known comet materials. Thus at 1 AU this is the radius of a comet for which
the thermal wave has penetrated to the very center of the nucleus and presumably all
volatiles have been exhausted after several perihelion passes. Thus truly extinct comets
are scarce, small, faint, hard to find and characterize and they may not even exist. On the
other hand dormant comets should be very abundant.

There must also be extinct comet candidates among the main belt asteroids (MBA),
starting at absolute magnitude fainter than ~21.5 (diameter ~<190 m). The reason this
value gets smaller with increasing solar distance is that the thermal wave penetrates even
less at those distances. Thus they are of even smaller size.

Since 133P has a diameter of 4.6 km, the thermal wave could not have penetrated
to the very center of the nucleus, and thus it can not be evolving into an extinct comet.
Instead it is entering a dormant phase by merely exhausting its volatiles. This condition is
aggravated by the fact that the perihelion distance is increasing significantly, thus
decreasing the solar radiation and making the comet fainter.

7. Conclusions and Observational Issues
The numerical conclusions of this paper have been listed in the abstract and will not
be repeated here. Additional conclusions are:

1) In Section 4 we have shown that a 2-dimensional classification is more accurate than a
1-dimensional classification. The final aim is a N-dimensional classification.

2) In this work we have given precise definitions of several cometary parameters and
phenomena: a) We have defined a new parameter, time-age or T-AGE (equation 2) that
attempts to measure the age of a comet through its activity. b) We define a quantity,
Threshold Coma Magnitude, TCM, whose current estimate is TCM ~2.8+0.4 magnitudes
above the nucleus, below which the comet is active but does not exhibit a coma (Section
5). ¢) We define extinct comet as one for which the thermal wave has penetrated to the
very center of the nucleus exhausting (after several perihelion passes) all the volatile ices.
We estimate that for this to happen the nucleus must be very small (radius ~<250 m). d)
Comets that have a radius much larger than this value, can not become extinct but
dormant. e) We have introduced the concept of photographic history of a comet in
Section 5. f) We have compiled the history of density estimates of comets, and concluded
that there is no trend with time suggesting that perhaps a consensus is being reached. Q)
We have defined outburst as a low intensity, small duration, single episode of activity.

Several observational issues have been raised in this work and need to be worked
out. Figures 6, 7 and 8 are very useful for planning observations.
3) Photometric observations previous, during, and after maximum activity are most
important.
4) Two observational points suggest that this comet may be active at aphelion. Follow up
at this distance is needed to confirm or deny this activity.
5) As can be ascertained from Figure 9, the comparison of tail lengths from images with
different exposure times, telescope diameters and f/ ratios is not a simple matter. This
problem will reappear in 2007.
6) 133P does not have its infrared colors and albedo measured, and this would be
important scientific objectives in 2007.
7) Continued observations of visual colors, rotational periods and ptv-amplitudes will help
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map the areas of occupancy of comets defined in the phase spaces of Figures 2 to 4.
8) The empty entries and the missing ID numbers in Tables 1 and 3 indicate where
observational work is needed.

The photographic history of this comet, the plots and all the tables in ASCII format

can be downloaded from the site
http://webdelprofesor.ula.ve/ciencias/ferrin

Acknowledgements

| would like to give my thanks to an anonymous referee and to Beatrice Mueller for
suggestions to improve the scientific quality of this paper. | also thank the Council for
Scientific, Technologic and Humanistic Development of the University of the Andes for
their support through grant number C-1281-04-05-B. The observations were carried out
at the National Observatory of Venezuela. The help of the night assistants, Freddy
Moreno, Ubaldo Sanchez and Orlando Contreras is appreciated.


http://webdelprofesor.ula.ve/ciencias/ferrin

19

References

Abell, P.A., and 10 colleagues, 2003. Physical Characteristics of Asteroid-Like
Comet Nucleus C/2001 OG108 LONEQOS. Lunar and Planetary Science XXXIV,
abstract #1253.pdf.

A'Hearn, M., Campins, H., Schleicher, D. G., Millis, R. L., 1989. The Nucleus of Comet
P/Tempel 2. Ap. J. 347, 1155-1167.

A’Hearn, M. F., and 32 colleagues. 2005. Deep Impact: Excavating Comet Tempel 1.
Science 310, 258-264.

Aphaug, E., Benz, W., 1994. Density of Comet Shoemaker-Levy 9 Deduced by
Modeling the Breakup of the Parent Rubble Pile, Nature 370, 120-123.

Asphaugh, E., Benz, W., 1996. Size, Density and Structure of Comet Shoemaker-Levy 9,
Inferred from the Physics of Tidal Breakup, Icarus 121, 225-248.

Balam, 1996. Comets or Asteroids? Sky and Telescope, November, p. 10

Belton, M., Wehinger, P., Wyckoff, S., Spinrad, H., 1986. A Precise Spin Period For
Comet P/Halley, Proceedings of the "20th SLAB Symposium on the Exploration
of Comet Halley", Vol. 1, Hidelberg, p. 599.

Belton, M.J.S., Samarasinha, N.H., Fernandez, Y.R., Meech, K.J., 2005a. The Excited
Spin State of Comet 2P/Encke. Icarus 175, 181-193.

Belton, M., and 15 colleagues, 2005b. Deep Impact: Working Properties For the Target
Nucleus-Comet 9P/Tempel 1. Space Science Reviews 117, 137-160.

Bobrovnikoff, N.T., 1945. On Systematic Errors In The Photometry of Comets, Contrib.
Perkins Obs. No. 19.

Boehnhardt, H., Rainer, N., Birkle, K., Schwehm, G., 1999. The Nuclei Of Comets
26P/Grigg-Skjellerup and 73P/Schwassmann-Wachmann 3. Astron. Astrophys.
341, 912-917.

Boss, A. P., 1994. Tidal disruption of periodic comet Shoemaker-Levy 9 and a
constrain on its mean density. Icarus 107, 422-426.

Bus, S.J., A’'Hearn, M.F., Schleicher, D.G., Bowell, E., 1991. Detection of CN Emission
from (2060) Chiron. Science 251, 774-777.

Campins, H., Fernandez, Y., 2002. Observational Constrains on Surface Characteristics
of Cometary Nuclei. EMP 89, 117-134.

Campins, H., A'Hearn, M., McFadden, L., 1987. The Bare Nucleus of Comet Neujmin 1,
Ap. J. 316, 847.

Campins, H., Telesco, C. M., Osip, D. J., Rieke, G. H., Rieke, M. J., Schulz, B., 1994.
The color temperature of (2060) Chiron: A warm and small nucleus, An. J.
108, 2318-2322.

Chaikin, A., 2004. A Bizarro “Cometoid”. Sky and Telescope, January, p. 24.

Chamberlin, A.B., McFadden, L.A., Schulz, R., Schleicher, D.G., Bus, S.J., 1996.
4015 Wilson Harrington, 2201 Oljato and 3200 Phaeton: Search for CN Emission.
Icarus 119, 173-181.

Davidsson, J. R., Gutiérrez, P. J., 2004. Estimating the nucleus density of Comet
19P/Borelly, Icarus 168, 392-408.

Davidsson, J. R., Gutiérrez, P. J., 2006. Non-Gravitational Force Modeling of Comet
81P/Wild 2, Icarus 180, 224-242.

Davies, J. K., McBride, N., Green, S.F., Mottola, S., Carsenty, U, Basran, D., Hudson,
K.A., Foster, M.J., 1998. The Light Curve and Colors of Unusual Minor Planet
1996 PW. lIcarus 132, 418-430.

Delahodde, C.E., Meech, K.J., Hainaut, O.R., Dotto, E., 2001. Detailed Phase Function
of Comet 28P/Neujmin 1. Astron. Astrophys. 376, 672-685.

Delahodde, C.E., Dotto, E., Campins, H., 2004. Surface Properties of Comet-Asteroid



20

133P/Elst-Pizarro: New Constrains from Visible Observations in 2000. BAAS,
36, #4, Session 34, Abstract 34.05. 36th DPS Meeting, 8-12 Nov.

Delsemme, A.H., Wenger, A., 1970. Physico-Chemical Phenomena in Comets-I.
Experimental Study of Snows in a Cometary Environment. Planetary and Space
Science 18, 709-715.

Donn, B., 1963. The Origin and Structure of lcy Cometary Nuclei. Icarus 2, p. 396-402.

Farnham, T.L., Cochran, A.L., 2002. A McDonald Observatory Study of Comet
19P/Borrelly: Placing the Deep Space 1 Observations into a Broader Context.
Icarus 160, 398-418.

Feldman, P.D., Budzien, S.A., Festou, M.C., A'Hearn, M.F., Tozzi, G.P. 1992.
Ultraviolet and Visible Variability of the Coma of Comet Levy 1990c. Icarus 95,
65-72.

Fernandez, Y.R., McFadden, L.A., Lisse, C.M., Helin, E.F., Chamberlin, A.B., 1997.
Analysis of POSS Images of Comet-Asteroid Transition Object 107P/1949 W1
(Wilson-Harrington). Icarus 128, 114-126.

Fernandez, Y.R., Lisse, C. M., Ulrich, H., Peschke, S., Weaver, H.A., A'Hearn, M.,
Lamy, P., Livengood, T., Kostiuk, T., 2000. Physical Properties of the Nucleus
of Comet 2P/Encke, Icarus 147, 145-160.

Fernandez, Y., 2006. Centaurs With Cometary Designations.
http://www.physics.ucf.edu/~yfernandez/cometlist.html

Ferrin, ., Application of the Method of Phase Dispersion Minimization to the
Determination of the Rotational Period of Comet Baharew-MacFarlane-Krienke
(1955f), 2002. Meteors, No. 19. 11-18.

Ferrin, 1., 2005. Secular Light Curve of Comet 28P/Neujmin 1, and of Comets Targets
of Spacecraft, 1P/Halley, 9P/Tempel 1, 19P/Borrelly, 21P/Grigg-Skejellerup,
26P/Giacobinni-Zinner, 67P/Chruyumov-Gersimenko, 81P/Wild 2. Icarus
178, 493-516.

Fink, U., Fevig, R.A., Tegler, C., Romanishin, W., 1997. CCD Imaging And Photometry
of 46P/Wirtanen During October 1996. Plan. Space Science 45, p. 1383-1387.

Fitzsimmons, A., Williams, I. P., 1994. The nucleus of comet P/Levy 1991 XI, Astron.
Astrophys. 289, 304-310.

Fomenkova, M. N., Jones, B., Pina, R., Puetter, R., Sarmecanic, J., Gehrz, R., Jones,
T.,1995. An. J. 110, 1866-1874.

Gerasimenko, S.1., Kiselev, N.N., Chernova, G.P., 1985. Photometric Parameters of
Halley's Comet (1982i) Based on B, V, R Photometry, International Halley Watch
Newsletter, No. 7, 7-10.

Green, S.F., McBride, N., O Ceallaigh, D.P.O., Fitzsimmons, A., Williams, |.P., Irwin, M.J.,
1997. Surface Reflectance Properties of Distant Solar System Bodies, MNRAS
290,186-192.

Grousin, O., Lamy, P., Jorda, L., Toth, I., 2004. The Nuclei of Comets 126P/IRAS and
103P/Hartley 2. Astron. Astrophys. 419, 375-383.

Gutiérrez, P.J., Jorda, L., Ortiz, J.L., Rodrigo, R., 2003. Long-term Simulation of the
Rotational State of Small Irregular Cometary Nuclei. Astron. and Astrophys 406,
1123-1133.

Hainaut, O. R., Meech, K. J., Boehnhardt, H., West, R. M., 1998. Early Recovery of
comet 55P/Tempel-Tuttle, Astron. Astrophys. 333, 746-752.

Hainaut, O.R., Delsanti, A.C., 2002. Colors of Minor Bodies in the Outer Solar
System. Astron. Astrophys. 389, 641-664.

Hartmann, W.K., Tholen, D. J., Cruikshank, D.P., 1987. The Relationship of Active



21

Comets ‘extinct’ Comets and Dark Asteroids, lIcarus 69, 33-50.

Hartmann, W.K., Tholen, D.J., 1990. Comet Nuclei and Trojan Asteroids: A New Link
and a Possible Mechanism for Comet Splittings, Icarus, 86, 448-454.

Harmon, J. K., Campbell, D. B., Ostro, S.J., Nolan, M.C., 1999. Radar observations
of Comets, Planetary and Space Science 47, 1409-1422.

Harmon, J.K., Nolan, M.C., 2005. Radar Observations of Comet 2P/Encke During the
2003 Apparition. Icarus 176, 175-183.

Herman, G., Weissman, 1987. Numerical Simulation of Cometary Nuclei. Icarus 69,
314-328.

Hsieh, H.H., Jewitt, D.C., Fernandez, Y.R., 2004. The Strange Case of 133P/Elst-
Pizarro: A Comet Among the Asteroids. An. J. 127, 2997-3017.

Hsieh, H.H., Jewitt, D., 2005. Search for Active Main-Belt Asteroids: The SAMBA Project.
37" DPS Meeting, Sept., Session 11, Abstract 11.01.

Hsieh, H.H., Jewitt, D., 2006. New Class of Comets May Be the Source of Earth's Water.
http://www.ifa.hawaii.edu/~hsieh/mbcs.html .

Hughes, D.W., 2003. The Variation of Short-Period Comet Size and Decay Rate
With Perihelion Distance. MNRAS 346, 584-592.

Jewitt, D., Meech, K., 1985. Rotation of the Nucleus of Comet P/Arend-Rigaux. Icarus
64, 329-335.

Jewitt, D., Meech, K., 1987. CCD Photometry of Comet P/Encke, An. J., 93, 1542-1551.

Jewitt, D., Meech, K., Optical Properties of Cometary Nuclei and a Preliminary
Comparison with Asteroids, 1988. Ap. J. 328, 974-986.

Jewitt, D., Luu, J. X., 1989. A CCD Portrait of Comet P/Tempel 2. An. J. 97,
1766-1790.

Jewitt, D., 1990. The Persistent Coma of Comet P/SW 1. Ap. J. 351, 277-286.

Jewitt, D., Sheppard, S., 2004. The Nucleus of Comet 48P/Johnson, An. J. 127,
1784-1790.

Jewitt, D., 2005. From Cradle To Grave: The Rise and Demise of the Comets.

p. 659-676, in Comets Il, Festou, M., Keller, H.U., Weaver, H. E., Editors, Univ. of
Arizona Press, Tucson.

Jorda, L., Lecacheux, J., Colas, F., Frappa, E., Laques, P., 1998. Comet 55P/Tempel
-Tuttle, CIAU 6816.

Jorda, L., Rembor, K., Lecacheux, J., Colom, P., Colas, F., Frappa, E., Lara, L.M.,
1999. The Rotational Parameters of Hale-Bopp (C/1995 O1) from observations
of the Dust Jets at Pic Du Midi Observatory. EMP 77, 167-180.

Jorda, L., Gutiérrez, P., 2002. Rotational Properties of Cometary Nuclei. EMP 89,
135-160.

Lamy, P., Toth, I., 1995. Direct detection of a cometary nucleus with the Hubble Space
Telescope"”, Astron. and Astrophy. 293, p. L43-L45.

Lamy, P., Toth, I., Weaver, H., 1998. Hubble Space Telescope Observations of the
Nucleus and Inner Coma of Comet 19P/1904 Y2 (Borelly), Astron. Astrophys.
337, 495-954.

Lamy, P., Toth, I., A'Hearn, M., Weaver, H.A., 1999. Hubble Space Telescope
Observations of the Nucleus of Comet 45P/Honda-Mrkos-Pajdusakova and
its Inner Coma", Icarus 140, 424-438.

Lamy, P., Toth, I., A'Hearn, M., Weaver, H., Weissman, P., 2001. Hubble Space
Telescope Observations of the Nucleus of Comet 9P/Tempel 1. Icarus 54,
337-344.

Lamy, P.L., Toth, I, Jorda, L., Groussin, O., A'Hearn, M.F., Weaver, H.A., 2002. The



22

Nucleus of Comet 22P/Kopp and its Inner Coma. Icarus 156, 442-455.

Lamy, P., Toth, I., Weaver, H., Jorda, L., Kaasalainen, M., 2003. The Nucleus of
Comet 67P/Churyumov-Gerasimenko, the New Target of the Rossetta
Mission, DPS 35th Meeting, Sept. 2003, sesion 30, abstract 30.04.

Lamy, P.L., Toth, I., Fernandez, Y.R., Weaver, H.A., 2005. The Sizes, Shapes, Albedos,
and Colors of Cometary Nuclei, p. 223-264, in“Comets, II", Festou, M., Keller,
H.U., Weaver, H. E., Editors, Univ. Of Arizona Press, Tucson

Larson, S. M., Minton, R. B., 1973. Photographic Observations of Comet Bennett 1970ll,
Lunar and Planeraty Lab., Report No. 26.

Lecacheux, J., Frappa, E., 2004. Comet C/2001 Q4 NEAT. IAUC 8349.

Lecachuex, J., Jorda, J., Colas, F., 1997. Comet Hale-Bopp C/1995 O1, IAUC 6560.

Leibowitz, E. M., Brosch, N., 1986. Periodic Photometric Variations in the Near Nucleus
Zone of P/Giacobini-Zinner", Icarus 68, 430-441.

Licandro, J., Tancredi, G., Lindgren, M., Rickman, H., Gil-Hutton, R., Tozzi, G.P., 2000.
CCD Photometry of Cometary Nuclei, I: Observations from 1990-1995, Icarus 147,
161-179.

Lisse, C.M., Fernandez, Y.R., Kundu, A., A'Hearn, M.F., Dayal, A., Deutch, L.K., Fazio,
G.G., Hora, J.L., Hoffmann, W.F., 1999. The Nucleus of Comet Hayakutake
(C/1996 B2), Icarus 140, 189-204.

Lowry, S.C., Fitzsimmons, A., Cartwright, L.M., Williams, I.P., 1999, CCD Photometry of
Distant Comets, Astron. Astrophys. 349, 649-659.

Lowry, S.C., Weissman, P.R., 2003. CCD Observations of Distant Comets From Palomar
and Steward Observatories. Icarus 164, 492-503.

Lowry, S.C., Weissman, P.R., Sykes, M.V., Reach, W.T., 2003a. Observations of Periodic
Comet 2P/Encke: Physical Properties of the Nucleus and First Visual-Wavelength
Detection of Its Dust Trail. Lunar and Planetary Science, XXXIV, 2056.pdf.

Lowry, S.C., Fitzsimmons, A., Collander-Brown, S., 2003. CCD photometry of distant
comets. lll, Ensemble properties of Jupiter-Family Comets, Astron. Astrophys.
397, 329-343.

Lowry, S.C., Weissman, P., 2003. CCD Observations of Distant Comets From Palomar
and Steward Observatories. Icarus 164, 492-503.

Lowry, S.C., Fitzsimmons, A., 2005. William Herschel Telescope Observations of
Distant Comets. MNRAS 358, 641-650.

Luu, J. X., Jewitt, D. C., 1990. The nucleus of comet P/Encke. Icarus 86, 69-81.

Luu, J. X,, Jewitt, D.C., 1992a. Near Aphelion CCD Photometry of comet SW 2",

An. J. 104, 2243-2249.

Luu, J.X., Jewitt, D.C., 1992b. High Resolution Surface Brightness Profiles of Near Earth
Asteroids. Icarus 97, 276-287.

Luu, J., 1993. Spectral Diversity Among the Nuclei of Comets, Icarus 104, 138-148.

Luu, J., Jewitt, D., 1993. Periodic Comet SW 1. IAUC 5692.

Magdziarz, P., Winiarski, M., Waniak, W., 1995. CN Photometry of Comet Levy 1990XX,
Icarus 116, 40-45.

Marsden, B.G., Williams, G.V., 2003. Catalogue of Cometary Orbits, 2003. Smithsonian
Astrophysical Observatory, Cambridge, Mass., p. 88.

Meech, K.J., Jewitt, D., Ricker, G.R., 1986. Early Photometry of Comet P/Halley:
Development of the Coma, Icarus 66, 561-574.

Meech, K., Belton, M.J.S., Mueller, B., Dickinson, M., Li, H.R., 1993. Nucleus Properties
of P/Schwassmann-Wachmann 1. An. J. 106, 1222-1236.

Meech, K.J., 1996a. Physical Properties of Comets. Paper presented at ACM 1996



23

Meeting. Available on line at http://www.ifa.hawaii.edu/~meech/papers/acm96.pdf

Meech, K.J., Buie, M.W., Belton, M.J.S., Mueller, B.E.A., Samarasinha, N., 1996.
Planetary Camera Observations of Structures in the Inner Coma of Chiron.

An. J. 113, 844-862.

Meech, K., Bauer, J.M., Hainaut, O.R., 1997. Rotation of Comet 46P/Wirtanen. Astron.
Astrophys 326, 1268-1276.

Meech, K., A'Hearn, M.F., McFadden, L., Belton, M.J., Delamere, A., Kissel, J., Klassen,

K., Yeomans, D., Melosh, J., Schultz, P., Shunshine, J., Veverka, J., 2000. Deep
Impact — Exploring the Interior of a Comet. In a New Era in Bioastronomy, ASP
Conference Series, 213, G. Lemarchard, K. Meech, Editors, p. 235- 242.

Meech, K.J., Fernandez, Y., Pittichova, J., 2001. Aphelion Activity of 2P/Encke. BAAS
33, 20.06.

Meech, K.J., Hainaut, O.R., Marsden, B.G., 2004. Comet Nucleus Size Distributions
From HST and Keck Telescopes. Icarus 70, 463-491.

Meech, K.J., Svoren, J., 2005. Using Cometary Activity to Trace the Physical and
Chemical Evolution of Cometary Nuclei. 317-335, In Comets Il, Festou, M., Keller,
H.U., Weaver, H. E., Editors, Univ. of Arizona Press, Tucson.

Merline, W.J., Close, L.M., Dumas, C., Chapman, C.R., Roddier, F., Menard, F., Slater
D.C., Duvert, G., Shelton, C., Morgan, T., 1999. Discovery of a Moon Orbiting
The Asteroid 45 Eugenia, Nature 401, 565-567.

Milani, A., Chesley, S., Ronci, N., Delcaldo, M., Knezevic, Z., Sansaturio, M.E., 2005.
Asteroid Dynamic Site, http://hamilton.dm.unipi.it/cgi-bin/astdys/astibo

Millis, R. L., A'Hearn, M., Campins, H., 1988. An Investigation of the Nucleus and Coma
of Comet P/Arend-Rigaux", Ap. J. 324, 1194-1209.

Millis, R.L., Schleicher, D.G., 1986. Rotational Period of Comet Halley, Nature 324,
646-649, 1986.

Mueller, B. E. A., 1991. CCD Photometry of comets at large Heliocentric distances, in
Asteroids, Comets, Meteors 1991, 425-428, Lunar and Planetary Institute,
Houston.

Mueller, B.E.A., Ferrin, 1., 1986. Change in the Rotational Period Of Comet P/Tempel 2
Between the 1988 and 1994 Apparitions. Icarus 123, 463-477.

Mueller, B.E.A., Samarasinha, N.H., 2002. "Visible Lightcurve Observations of Comet
19P/Borrelly". EMP 90, 463-471.

Mueller, B.E.A., Heinrich, A.M., 2002. Physical Properties of the Nucleus of Comet
28P/Neujmin 1. DPS 34t Meeting, Sesion 27, Abstract 27.04.

Navarro, J.P., Riquelme, M., 2003. Rotational Period and Diameter of Comet 2002 V1
NEAT. Meteors 5, 21-29.

Neishtadt, A.l., Scheerers, D.J., Sidorenko, V.V., Vasiliev, A.A., 2002. Evolution of Comet
Nucleus Rotation. Icarus, 157 205-218.

Ortiz, J.L., Rodriguez, E., 1999. The Rotation of Comet C/1995 O1 Hale-Bopp From
Inner Coma Photometry. EMP 77, 1997-1990.

Osip, D., Campins, H., Schleicher, D., 1995. The Rotation State of 4015 Wilson-
Harrington: Revisiting Origins for Near Earth Asteroids, Icarus 114, 423-426.

Pansechi, L., Fulle, M., 1991. On The Rotation of the Nucleus of the Great Comet of
1744, Icarus 89, 65-72.

Prialnik, Bar-Nun, 1992. Model of 1P/Halley Outburst at 14 AU. Astron. Astrophys.
258, L9-L12.

Rauer, H., Boehnhardt, H., 1996. Strange Comet Discovered al ESO., ESO Press


http://<<<<<<</

24

Photo 36/96, http: // www . eso . org / outreach / press-rel /

Rickman, H., 1989. The Nucleus of Comet Halley — Surface Structure, Mean Density,
Gas and Dust Production. Adv. Space Research 9, 59-71.

Sagdeev, R.Z., Elyasberg, P.E., Moroz, V.I., 1988. |s the nucleus of comet Halley a
low density body?", Nature 331, 240-242.

Sagdeev, R.Z., Szego, K., Smith, B.A., Larson, S., Merenyi, E., Kondor, A., Toth, I., 1989.
The Rotation of P/Halley, An. J. 97, 546-551.

Samarasinha, N.H., Belton, M.J.S., 1995. Long Term Evolution of Rotational States
and Non-gravitational Effects for Halley-Like Cometary Nuclei. Icarus 116, 340-
358.

Samarasinha, N., Mueller, B.E.A., Belton, M.J.S., Jorda, L., 2005. Rotation of
Cometary Nuclei. p. 281-299, in Comets Il, Festou, M., Keller, H.U., Weaver, H. E.,
Editors, Univ. of Arizona Press, Tucson.

Scotti, J., 2004. In Gary Kronk Cometography, http: // cometography . com / pcomets /
133p.html .

Scotti, J., 1993. Comet P/Reinmuth 2, IAUC 5772.

Sekanina, Z., Distribution and Activity of Discrete Emission Areas on the Nucleus of
Periodic Comet Swift-Tuttle. 1981. An. J. 86, 1741-1773.

Sekanina, Z., "Nucleus of Comet Iras-Araki-Alcock 1983 VII". 1988. An. J. 95,
1876-1894.

Sekanina, Z., 1989. Nuclei of Two Earth-Grazing Comets of Fan-Shaped Appearance.
An. J. 98, 2322-2333.

Sekanina, Z., Farrell, J.A., 1978. Comet West 1976 VI: Discrete Bursts of Dust, Split
Nucleus, Flare Ups, and Particle Evaporation, An. J. 83, 1675-1680.

Sekanina, Z., Farrell, J.A., 1982. Two Dust Populations of Particle Fragments In the
Striated Tail of Comet Mrkos 1957 V". An. J. 87, 1836-1853.

Sekanina, Z., 1991. Comprehensive Model for The Nucleus of Periodic Comet Tempel 2
and its Activity. An. J. 102, 350-388.

Sekanina, Z., Boehnhardt, H., Kaufl, H.U., Birkle, K., 1996. Relationship

Between Outburst and Nuclear Splitting of Comet 73P/Schwassmann-
Wachmann 3. JPL Cometary Science Preprint Series No. 163,
p. 1-20.

Sleicher, D.G., Millis, R.L., Osip, D.J., Birch, P.V., 1991. Comet Levy (1990c):
Ground Based Photometric Results, Icarus 94, 511-523.

Snodgrass, C., Fitzsimmons, A., Lowry, S.C., 2005. The Nuclei of Comets 7P/Pons-
Winnecke, 14P/Wolf and 92P/Sanguin. Astronomy and Astrophys. in press.

Stansberry, J.A., and 17 colleagues, 2004. Spitzer Observations Of the Dust Coma
and Nucleus of 29P/SW 1. Ap. J. 154, 463-473.

Solem, J. C., 1994. Density and size of comet Shoemaker Levy 9, deduced from a
tidal breakup model, Nature 370, 349-351.

Solem, J.C., 1995. Cometary Breakup Calculation Based on a Gravitationally-Bound
Agglomeration Model: Density and Size of Shoemaker-Levy 9, Astron. and
Astrophys. 302, 596-608.

Thomas, N., Keller, H.U., 1989. The Colour of Comet P/Halley's Nucleus and Dust.
Astron. Astrophys. 213, 487-494.

Ticha, J., Tichy, M., Moravec, Z., 2004. In Gary Kronk Cometography,

http: // cometography . com / pcomets / 133p.thml .
Toth, I., 2000. Impact-Generated activity period of asteroid 7968 Elst-Pizarro in 1996:



25

Identification of the asteroid 427 Galene as the Most Probable Parent Body of the
Impactors. Astron. Astrophys. 360, 375-380.

Toth, I., 2006. Search for Comet-like Activity in Asteroid 7968 Elst-Pizarro and Limitation
of its Rotational Pole Orientation. Astron. and Astrophys. 446, p. 333-343.
Vedeer, G.J., Hanner, M.S., Tholen, D.J., 1987. The Nucleus of Comet P/Arend-Rigaux,

An. J. 94, 169-173.

Veverka, J., and 16 colleagues, 1997. NEAR’s Flyby of 253 Mathilde: Images of a
C Asteroid. Science 278, 2109-2111.

Vorontsov-Velyaminov, B., 1930. Imaginary Contradiction of the Phenomena Observed
in the Comet Brooks 1893 IV with the Mechanical Theory of Comets, Russian
An. J. 7, 90-99.

Watanabe, J., Nakamura, T., 1990. Detection of Rotational Motion of Comet P/Brorsen
Metcalf 19890". Public. Astron. Soc. Japan 42, L7-L10.

Weissman, P.R., Levison, H.F., 1997. Origin and Evolution of the Unusual Object 1996
PW: Asteroids From the Oort Could ?, Ap. J. 488, L133-L136.

Weissman, R.R., 1999. Diversity of Comets: Formation Zones and Dynamical Paths.
Space Science Reviews 90, 301-311.

Weissman, P.R., Bottke, Jr., W.F., Levison, H.F., 2003. Evolution of Comets Into
Asteroids. In Asteroids, Ill, Bottke, W., Cellino, A., Paolachi, P., Binzel, R.P.,
Editors, Univ. Of Arizona Press, 669-686.

Weissman, P.R., Aspaugh, E., Lowry, S.C., 2004. Structure and Density of Cometary
Nuclei. P. 337-357 in Comets Il, Festou, M., Keller, H.U., Weaver, H. E., Editors,
Univ. of Arizona Press, Tucson.

Wisniewski, W.Z., Fay,T., Gehrels, T., 1986. Light Variations of Comets. 337-339, in
Asteroids, Comets, Meteors Il, Lagerkvist C., Lindblad, B.A., Lundstedt, H.,
Rickman, H., Editors, Uppsala University, Upsala.

Whipple, F., 1950. A Comet Model, I. The Acceleration of Comet Encke. Astrophys. J.
111, 375-394.

Whipple, F., 1980. Rotation and Outburst of Comet P/SW 1. An. J. 85, 305-312.

Yeomans, D. K., and 12 colleagues, 1997. Estimating the Mass of Asteroid 253 Mathilde
from Tracking Data During the NEAR Flyby. Science 278, 2106-2108.

Yeomans, D.K., 2000. Small Bodies of the Solar System. Nature, 404, 829-832. Yoshida,
S., Aoki, T., Soyano, T., Tarusawa, K., Van Driel, W., Hamabe, M., Ichikawa,

T., Watanabe, J., Wakamatsu, K., 1993. Spiral Dust-Jet Structures of Comet
P/Swift-Tuttle 1992t. PASJ 45, L33-L37.

Zeller, B., Tedesco, E., Degewij, J., 1979. Periodic Comet Tempel 2, (1977d). IAUC

3326.



26

Table 1. Visual Color Indices of Comet Nuclei.
COMET B-V V-R R-I References
01P/Halley 0.73£0.03 0.44+0.03 0.48%£0.07 Green et al., (1997)
0.70£0.05 0.65+%0.05 —-——-———————- Gerasimenko et al., (1985)
0.72+40.04 0.41£0.03 0.39%0.06 Thomas and Keller, (1989)
02P/Encke 0.81+0.03 0.474£0.03 -=-—==———- Green et al., (1997)
0.78+x0.02 0.48+£0.02 —-—-—————-- Luu and Jewitt, (1990)
————————— 0.39+0.06 0.41£0.06 Meech et al., (2004)
————————— 0.4340.05 -—-—-——-———-———- Lamy et al., (2005)
04P/Faye ————————- 0.51  ——==————- Lamy and Toth, (1995)
06P/D'Arrest 0.77£0.04 0.56+£0.07 0.45%0.04 Meech et al., (2004)
————————— 0.54+0.04 -———----——- Lamy et al., (2005)
————————— 0.62£0.08 ——==—=——- Meech et al., (2004)
1.08£0.12 0.3320.09 0.33%£0.12 Lowry and Weissman, (2003)
07pP/Pons- = ——=—————- 0.40+0.05 0.41£0.06 Snodgrass et al., (2005)
-Winnecke
09P/Tempel 1 0.46£0.18 0.37£0.22 —-———————- Lowry et al., (1999)
————————— 0.47+£0.01 -—-—-=-=-————- Meech et al., (2004)
————————— 0.56x0.02 ——====——- Belton et al., (2005b)
10P/Tempel 2 0.60+0.19 === ————————- Zeller et al., (1979)
————————— 0.53+0.03 -—-—=-—=————- Jewitt and Meech, (1988)
————————— 0.53+0.17 0.81£0.17 Mueller, (1991)
————————— 0.53£0.03 —=—==————- Mueller and Ferrin, (1996)
0.9440.03 0.56+x0.03 —-————=————- Green et al., (1997)
————————— 0.53+x0.03 —-——=—————- Green et al., (1997)
————————— 0.47£0.03 —==—————- Mueller, (1991)
————————— 0.58+0.03 —-——===———- Jewitt and Luu, (1989)
————————— 0.56x0.02 -—=—==————- Meech et al., (2004)
14P/Wolf @ ————————- 0.0240.22 0.25%0.35 Lowry et al., (2003b)
————————— 0.57+0.07 0.51%£0.06 Snodgrass et al., (2005)
19P/Borrelly ———————-- 0.254#0.78 ——=—————- Lowry et al., (2003b)
21P/Giacobini-  ————————- 0.51+£0.20 0.914£0.19 Mueller, (1991)
-Z%2inner = 0——=——=——=—--- 0.52#0.09 0.51+0.12 Mueller, (1991)
————————— 0.49£0.02 —-——==——=——- Green et al., (1997)
0.80+0.03 0.50£0.02 =—-=-==-=——-- Luu, (1993)
22P/Kopff = ——m————— 0.5440.02 —-——-—=—————- Meech et al., (2004)
————————— 0.53£0.02 —=—==————- Meech et al., (2004)
0.77+0.05 0.50£0.08 0.42+0.03 Lamy et al., (2002)
26P/Grigg- = o————————- 0.4240.14 —-——--———- Meech et al., (2004)
Skjellerup
28P/Neujmin 1 ~  —-—==——-—- 0.50£0.06 -————-———- Jewitt and Meech, (1988)
0.84£0.04 0.474£0.04 -—-—-——————- Green et al., (1997)
————————— 0.50£0.04 -—-—-=—————- Green et al., (1997)
0.86+0.04 0.4140.03 0.5840.04 Davies et al., (1998)
————————— 0.51+0.08 0.44£0.08 Hainaut and Delsanti, (2002)
————————— 0.4840.06 —-—-=-=——=——- Meech et al., (2004)
————————— 0.45+#0.05 -—=—==————- Delahodde et al., (2001)
32/Comas-Sola 0.82+0.12 0.57£0.08 --—-————-- Lowry et al., (1999)
45P/Honda-Mrkos 1.16£0.07 0.43£0.05 0.22%£0.07 Lamy et al., (1999)
-Pajdusakova
46P/Wirtanen = = ———————-- 0.4540.07 -—-=-=—=————- Lamy et al., (1999)
————————— 0.36x0.07 —===——=——- Meech et al., (2004)
0.76+0.01 0.46%£0.01 0.3740.01 Meech et al. (1997)
0.83 0.38 = —mmm————- Fink et al. (1997)
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Table 1, continued. Color Indices of Comet Nuclei.
Comet B-V V-R R-I Reference
47P/Asbrook- @ 0————————- 0.36£0.23 0.1940.31 Lowry et al., (2003b)
Jackson
48pP/Johnson = ————————- 0.50+0.30 -—-—-——---———- Licandro et al., (2000)
49P/Arend- = 0————————- 0.47+£0.01 0.51+0.02 Green et al., (1997)
Rigaux = ————————- 0.49+0.11 0.544#0.14 Lowry et al., (2003b)
————————— 0.40£0.30 —====———- Licandro et al., (2000)
0.7740.03 0.47£0.01 0.434£0.02 Millis et al., (1988)
53p/Vvan 00 @————————- 0.34+40.08 —-————-————- Meech et al., (2004)
Biesbroek
67P/Churyumov-  ———————--— 0.54+0.26 0.52+0.33 Mueller, (1991)
Gerasimenko  -————————- ————————— 0.72%+0.42 Licandro et al., (2000)
————————— 0.51 —_——————— Lamy et al., (2003)
73P/Schwachmann  --—-————-- 0.4840.23 —-——=——————- Boehnhardt et al., (1999)
-Wachmann 3 @~ —-———————- 0.53#0.14 —-——-——-————- Sekanina et al. (1996)
74P/Smirnova- = —-———————-— 0.35+0.15 —-———--———- Licandro et al., (2000)
Chernykh —-——=---——- 0.9940.16 0.4440.10 Lowry et al., (1999)
86P/Wild 3= @ =~ ————————— 0.12+40.14 ——=--———- Meech et al., (2004)
87p/Bus 0 o————————- -0.1140.21 -————————- Lowry et al., (1999)
————————— 0.55#0.02 —-——-——=————- Meech et al., (2004)
89P/Russell 2 @  ————————- 0.88+0.27 —-———-—-————- Lowry et al., (1999)
92P/Sanguin = ———————-- 0.54+0.04 0.54£0.04 Snodgrass et al., (2005)
96P/Machholz 1 ~ -—-————---—- 0.3 0.1  ——==————- Licandro et al., (2000)
————————— 0.43£0.03 —====———- Meech et al., (2004)
103P/Hartley 2 ———————-- 0.5 0.1  ————-—-———- Licandro et al., (2000)
————————— 0.32+0.12 —-————————- Lowry et al., (2003b)
107P/Wilson-  ————————- 0.4140.02 —-——-==—=——- Meech et al., (2004)
Harrington = = --————-—-- 0.31£0.03 —====———- Chamberlin et al., (1990)
0.61+0.05 0.20£0.04 ---—————-- Lowry and Weissman, (2003)
0.75#0.06 —-—=—=—====== ————————- Lowry and Weissman, (2003)
109pP/Swift- = @ ————————- 0.55+0.07 0.78+0.07 Green et al., (1997)
Tuttle
119P/Parker- 0.82+0.12 0.5240.08 -———-————- Lowry et al., (1999)
-Hartley
133P/Elst- 0.63+x0.06 0.39£0.04 0.2440.04 Delahodde et al., (2004)
Pizarro 0.69+0.02 0.42+0.03 0.27+0.03 Hsieh et al., (2004)
137P/Shomaker ————————-— 0.53+40.29 0.45£0.33 Lowry et al., (2003b)
-Levy 2
143P/Kowal-Mrkos 0.82+0.03 0.58%+0.02 0.56+0.02 Meech et al., (2004)
0.80+0.02 0.58%£0.02 0.574£0.02 Lamy et al., (2005)
152/Helin- 0.35+0.15 0.77+#0.12 —-—-———————- Lowry et al., (1999)
Lawrence = = @ ————————- 0.2840.08 ——=——=——- Meech et al., (2004)
C/2001 0G108 0.76+x0.03 0.46%x0.02 0.4440.03 Abell et al., (2003)
Statistics: Range 0.35 < B-V < 1.08, <B-V>= 0.76%x0.16 (26 observations)
0.20 < V-R < 0.88 <V-R>= 0.484£0.13 (77 observations)
0.19 < R-I < 0.91 <R-I>= 0.34%0.22 (30 observations)
Number of comets, 37
Number of measurements, 142
Number of references, 36
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Table 2. Photometric and Tail History of Comet 133P/Elst-Pizarro.

DATE MT V At Coma Tail R A o REFERENCE
1979 07 24-25 M ---- +10 No -—-—---- 2.629 1.014 1.1 IAUC6457

1979 07 24-25 P 18.5 +10 No -—-—---- 2.629 1.0614 1.1 IAUC6473

1985 09 15 P 19 +285 No —----- 2.774 1.774 2.7 IAUC6473
1996 07 14.27 P 18.3 +87 -—  >1" 2.654 1.773 13.4 IAUC6456
1996 08 09.24 P 18.0 4113 No —-—-—-—-——- 2.672 1.665 3.3 IAUC6456
1996 08 20.89 P 17.1 +125 No >3! 2.682 1.673 2.0 IAUC6456
1996 08 21 -———— 4125 -- 1.9'" 2.682 1.673 2.0 Ticha et al. (2004)+TwW
1996 08 21.26 P 18.2 4125 No >3.9' 2.682 1.673 2.0 IAUC6456
1996 08 21.28 P 18.5 4125 —-- ————- 2.682 1.673 2.0 IAUC6456
1996 08 21.97 - -—-—— 4125 No 3.5'" 2.683 1.675 2.4 IAUC6459
1996 08 23 - -———— +127 No >5.5' 2.683 1.678 2.8 Rauer & B. (1996)+TwW
1996 08 23.00 C 18.0 4127 - ————- 2.683 1.678 2.8 ICQ101

1996 08 25.10 M 19.3 4129 -- ————- 2.685 1.684 3.7 1996-R0O7

1996 08 25.13 M 18.3 4129 -- ————- 2.685 1.684 3.7 "

1996 08 25.14 M 18.3 4129 —-—- ————- 2.685 1.684 3.7 "

1996 08 26.28 M 18.0 4130 -- —-————- 2.686 1.687 4.1 "

1998 08 28 - -———=  +132 -- 4.7 2.688 1.695 4.9 Balam(1996) +TW
1996 09 2.52 C 17.5 4137 -- 4.9 2.692 1.718 7.0 ICQ100

1996 09 06.93 C 18.5 4141 -- ————- 2.697 1.748 9.0 ICQ101

1996 09 09.13 M 19.0 +144 —-—- ————- 2.699 1.70601 9.7 ICQ100

1996 09 09.14 M 19.0 +144 - ————- 2.699 1.70601 9.7 "

1996 09 09.15 M 19.1 +144 - —-————- 2.699 1.70601 9.7 "

1996 09 09.16 M 18.9 4144 -- ————- 2.699 1.761 9.7 "

1996 09 14.58 C 17.5 4149 -- 3.4! 2.703 1.799 11.1 ICQ100

1996 09 21 -——— 4156 - 4.7 2.710 1.860 13.7 Scotti (2004)+TW
1996 09 21.23 V 18.5 4156 - —-————- 2.710 1.860 13.7 ICQ101

1996 09 21.24 VvV 18.4 +156 - —-————- 2.710 1.860 13.7 ICQ101

1996 10 04.51 C 18.0 +169 -- 2.1" 2.724 1.999 17.0 ICQ100

1996 10 16.50 C 18.0 +181 -- 3.4! 2.737 2.148 19.1 "

1996 11 06.04 V 18.9 4202 No 1.1° 2.762 2.454 20.8 W

1996 11 07.02 V 18.8 +203 No 1.8' 2.764 2.469 20.9 W

1997 10 01 vV 21.3 4531 No -—----- 3.272 2.562 14.0 1997-T03

1997 10 03.38 P 20.4 4533 -- ————- 3.275 2.543 13.6 "

1997 10 03.41 P 21.1 4533 -- ————- 3.275 2.543 13.6 "

1997 10 04.28 P 19.3 4534 —-—- ————- 3.276 2.533 13.3 "

1997 10 04.31 P 19.5 +534 ©No 0.0" 3.276 2.533 13.3 "

1997 10 10.49 Vv 20.8 4540 - —-————- 3.287 2.471 11.7 ICQ104

1998 12 21.67 C 20.8 4977 -- ————- 3.681 2.772 6.8 ICQ109

2000 04 01 - ——— -601 No 0.0' 3.373 2.470 8.3 Delahodde
2000 05 05 - ———= =567 No 0.0' 3.325 2.772 15.9 et al. (2004)
2002 07 13 R 20.4 +231 No ----- 2.806 2.421 20.8 Lowry and F. (2005)
2002 07 14 R 20.5 +232 No —----—- 2.807 2.410 20.7 "

2002 07 14 vV 20.6 4232 No -—----- 2.807 2.410 20.7 "

2002 08 19 v 20.5 4269 -- 3.3! 2.857 2.059 14.7 Hsieh et al.
2002 09 07 Vv 20.1 +287 - 4.1" 2.885 1.942 8.7 (2004) + TW
2002 11 05 vV 20.7 4346 -- 1.¢6' 2.977 2.170 13.0 "

2002 12 27 VvV 21.6 4398 -- 1.3! 3.000 2.916 18.7 "

2003 09 22 - ———— 4668 No 0.0 3.456 3.203 16.7 "

2003 11 17.66 C 20.6 +735 - ———- 3.518 2.607 7.3 ICQ129

2005 01 16 - ———= -822 No ---- 3.65 2.70 4.8 Toth (2006)
2005 03 01 - ——= =779 No ---- 3.62 2.76 8.9 "

2005 03 02 - ————= =778 No ---- 3.62 2.77 9.1 "

TW= This Work, ICQ= International Comet Quarterly

MT = Magnitude Type, M=MPEC, C= No Filter CCD =V, V=V Band, P= Photographic
At= Time from Perihelion [days], Tail = Tail Length [ ‘], o = phase angle [?] .
R = Heliocentric Distance [ AU ], Delta = Geocentric Distance [ AU ]
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Table 3. ROTATIONAL PERIODS, AND PTV-AMPLITUDES (PEAK-TO-VALLEY)
OF THE ROTATIONAL LIGHT CURVE.
COMET Pror [hr] BAror[mag] REFERENCES
001P/Halley* 53.96 1.1 Belton et al. (1986)
177.6 -———- Millis and Schleicher (1986)
52.8 -——— Sagdeev et al. (1989)
177.6 —_———— Sagdeev et al. (1989)

————— 0.81 Meech et al. (1986)
002P/Encke* 15.08 0.62 Luu and Jewitt (1990)

14.95 0.88 Jewitt and Meech (1987)

15.21 >0.7 Ferndndez et al. (2000)

11.01 0.28 Lowry et al. (2003a)
004P/Faye  —==== 0.51 Lamy and Toth, (1995)
006P/D'Arrest 7.20 0.18 Lowry and Weissman (2003)
007P/Pons-Winnecke 8.2 - Sekanina, (1989)
008P/Tuttle  ————- >0.2 Licandro et al. (2000)
009P/Tempel 1 40.7 0.3 Meech et al. (2000)

41.85 0.7 Belton et al. (2005b)

————— 0.34 Lamy et al. (2001)
010P/Tempel 2 8.9 - Jewitt and Meech, (1988)

8.93 0.67 Sekanina (1991)

8.95 0.75 Jewitt and Luu (1989)

8.9 0.6 A'Hearn et al. (1989)

8.94 0.62 Mueller and Ferrin (1996)
014P/Wolf 7.53 0.29 Snodgrass et al. (2005)
019P/Borelly 25.0 0.95 Lamy et al., (1998)

26.0 1.0 Mueller, Samarasinha (2002)
021p/Giacobini- = @ ————- 0.4 Mueller (1991)

Zinner 9.5 —-——— Leibowitz and Brosch, (1986)
022P/Kopff 12.30 0.55 Lowry and Weissman (2003)
023P/Brorsen-Metcalf 13.5-15.0 ---- Watanabe and Nakamura, (1990)

30-40 —_———— Watanabe and Nakamura, (1990)
026P/Grigg-Skjellerup  —----- >0.3 Licandro et al. (2000)
028P/Neujmin 1 12.67 0.5 Jewitt and Meech (1988)

————— 0.71 Campins et al. (1987)

12.6 0.42 Wisniewski et al. (1986)

12.7 0.56 Mueller and Heinrichs (2002)

12.75 0.45 Delahodde et al. (2001)
029P/Schwachmann 14-32 —-———- Meech et al. (1993)

-Wachmann 1 5.0 -——== Whipple (1980)

>1440 -——= Stansberry et al. (2004)
6. —_———— Jewitt (1990)

10. 0.50 Luu and Jewitt, (1993)
030P/Reinmuth 1~ ————- 0.7 Scotti (IAUC6072)
031P/Schwachmann 5.58 0.53 Luu and Jewitt, 1992a

-Wachmann 2
037p/Forbes  ————- >0.5 Licandro et al. (2000)
044P/Reinmuth 2 ————- 1.3 Scotti (1993)
046P/Wirtanen 7.6 >0.09 Meech et al. (1997)

6.0 0.22 Lamy et al., (1998)
048P/Johnson 29.00 0.32 Jewitt and Sheppard (2004)
049P/Arend-Rigaux 6.78 0.38 Jewitt and Meech (1985)

————— 0.55 Vedeer et al, (1987)

13.47 0.72 Millis et al. (1988)

13.6 0.53 Wisniewski et al. (1986)
055P/Tempel-Tuttle 15.31 0.76 Hainaut et al. (1998)

14.79 —_———— Jorda et al. (1998)
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Table 3. (Continued) ROTATIONAL PERIODS AND PTV-AMPLITUDES

Comet PROT [hr] AROT[mag] REFERENCES
065p/Gunn  ————= >0.3 Licandro et al. (2000)
067P/Churyumov- 12.3 -——— Lamy et al. (2003)
Gerasimenko = 0————- >0.61 Mueller (1991)
o73p/S-w 3 ————= 0.57 Boehnhardt et al. (1999)
074P/Smirnova-Chernykh —---—- >0.3 Licandro et al. (2000)
osip/wild 2 ————= 0.55 Ferrin (2005)
082P/Gehrels 3 ————- >0.6 Licandro et al. (2000)
092P/Sanguin 6.22 0.40 Snodgrass et al. (2005)
095P/2060 Chiron 5.92 0.05 Campins et al. (1994)
096P/Machholz 1 6.38 0.3 Lamy et al. (2005)
097P/Metcalf-Brewington ----- >0.7 Licandro et al. (2000)
098pP/Takamizawa ———-- >0.6 Licandro et al. (2000)
103P/Hartley 2 ————- >0.1 Licandro et al. (2000)
107P/Wilson-Harrington 6.1 0.21 Osip et al. (1995)
109P/Swift-Tuttle 69.36 ——— Yoshida et al, (1993)
67.5 -———= Fomenkova et al. (1995)
66.5 -———- Sekanina, (1981)
110P/Hartley 3 10 ——— Lamy et al. (2005)
126P/IRAS 4.9 ——— Grousin et al. (2004)
133P/Elst-Pizarro 3.47 0.39 Hsieh et al. (2004)
137P/Shoemaker-Levy 2  ——--—- >0.4 Licandro et al. (2000)
143p/Kowal-Mrkos 17.2 -——— Lamy et al. (2005)
147P/Kushida-Muramatsu 9.5 - Lamy et al. (2005)
P/Levy 1991 XI 8.34 0.35 Fitzsimmons, Williams (1994)
C/1995 01 Hale-Bopp 11.23 -——- Ortiz and Rodriguez (1999)
11.47 ———— Lecacheux et al. (1997)
11.35 —-——— Jorda et al. (1999)
Levy 1990 XX 17.0 -——- Feldman et al. (1992)
18.9 -——- Magdziarz et al. (1995)
37.8 —_———— Schleicher et al. (1991)
Alcock 1963b 24 ———— UR
Whipple-Fedtke- 540 —-———= Bobrovnikoff (1945)
Tevzadze 1942g
Bennett 1970 II 35 -——- Larson and Minton (1973)
Hyakutake 1996B2 6.30 —_———— Lisse et al., (1999)
Burnham 1960 II 91 -——— UR
Austin 1982g 84 -——== UR
Comet 1744 115.2 -——- Pansechi and Fulle (1991)
Brooks 1893 IV 91 -——- Vorontsov-Velyaminov, (1930)
West 1976 VI 48 —_———— Sekanina and Farrel, (1978)
Mrkos 1957 V 19.7 -——— Sekanina and Farrel, (1982)
Iras-Araki-Alcock 83VII 51 -———- Sekanina, (1988)
Bakharew-Macfarlane- 474 1.1 Ferrin (2002)
-Krienke
C/2004 F4 Bradfield 12 -—— Sekanina (IAUC8326)
C/2001 Q4 NEAT 23.2 === Lecacheux and Frappa (2004)
2002 V1 NEAT 60 -———= Navarro and Riquelme (2003)
2001 OG 108 LONEOS 57.19 0.3 Abell et al. (2003)
C/2004 Q2 Machholz 9.1 -—— Sastri&Vasundhara (IAUC8480)

*1P/Halley and 2P/Encke exhibit complex rotation (two periods).

Statistics: 4.9 h<Prot<540 h, <Pgor >= 39.98%+82.60 h (80 observations)
0.05<ptv-Amplitude < 1.3 magnitudes, <ptv-Amplitudes> = 0.52+0.26 (58
observations). Totals: 64 comets, 82 rotational periods, 58 peak-to-valley
rotational amplitudes, 78 references. UR= Unpublished Results by this author.
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Table 4. Historical Evolution of Density Estimates of Cometary Nuclei.

Density Reference Technique
plg/cm’]
0.48+0.15 Donn (1963) Realistic packed snow in Alpine
glaciers.
0.33-0.54 Delsemme and Formation of Clathrate snows in
Wenger (1970) laboratory.
0.28-0.65 Rickman (1989) H20 Outgassing and gaseous forces
on comet 1P/Halley.
0.6 Sagdeev et al. H20 Outgassing and gaseous forces
+0.9,-0.4 (1988) of comet 1P/Halley.
0.54 Sekanina (1991) Jacobi Ellipsoid of 10P/Tempel 2.
>0.46 Luu & Jewitt Centrifugal rotation of 32P/SW2.
(1992)
0.5 Prialnik and Outburst of 1P/Halley at 14.3 AU.
Bar-Nun (1992)
<0.7-1.5 Boss (1994) Model of disruption of SL9.
0.5 Asphaugh and Tidal Breakup of non-rotating nucleus
Benz (1994) of comet SLO9.
0.5 Solem (1994) Tidal disruption of SLO.
0.55 Solem (1995) Tidal disruption of SLO.
0.6 Asphaugh and Tidal disruption of SLO9.
Benz (19906)
<0.4 Samarasinha Numerical Simulation of rotational
Belton (1995) state of comet nuclei.
<1.0 Meech et al.
(1996) HST observations of 95P’'s atmosphere.
0.45 Harmon et al. Radar observations of comet
(1999) Iras—-Araki-Alcock.
0.49 Farnham and Non-gravitational acceleration of 19P.
(+.34,-.20) Cochran (2002)
0.18-0.30 Davidsson and H20 Outgassing and gaseous forces o
Gutiérrez (2004) comet 19P/Borelly.
>1.3 Hsieh et al. Centrifugal rotation of comet 133P.
(2004)
>0.49 Snodgrass et. Centrifugal rotation of comet 92P
al., (2005)
0.62 A’Hearn et al. Expansion of the base of conical
(+.47,-.33) (2005) ejecta from the impactor of 9P.
0.5-1.0 Harmon & Nolan Radar observations of 2P.
(2005)
<0.58 Davidsson & Water production and non gravitational

Gutiérrez (2006)

forces of comet 81P.

* Statistics: 22 constraining estimates, 10 different methods, 22 references.
Mean <p> = 0.52 + 0.06 g/cm® . Non-constraining values have been dropped.

Range 0.40 < p <0.70.

No significant trend with time.




Table 5. Orbital Data and Next Perihelion Passage of Asteroidal Belt Comets (ABC).
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ABC a[AU] i[9 q[AU] |QJAU] |Tiss |PoreiraL [y] | Te-NexT

133P 3.156 1.386 |2.636 3.677 3.184 |5.61 2007 07 02
P/Read 3.165 |1.267 |2.365 |[3.965 |3.153 |5.63 2011 03 15
118401 3.196 |0.238 [2.581 3.811 3.166 |5.71 2011 07 05
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Figure Captions

Figure 1. Images of 133P\Elst-Pizarro = 7968, taken by the author with the 1 m f/3
Schmidt telescope of the National Observatory of Venezuela. The size of each image is
5.3x5.3"' of arc. The magnitudes derived from these images are compiled in Table 2.

A) Date = 1996 11 06.04. Exposure = 5 min. V=18.9+0.1. Tail = 1.1'. At= +202 days.
R=2.762 AU. A=2.454 AU. a= 20.8°.

B) Date = 1996 11 07.02. Exposure = 20 min. V=18.8+0.1. Tail = 1.8". At= +203 days.
R=2.764 AU. A=2.469 AU. a= 20.9°.

Figure 2. Comet nuclei color indices diagram for comets. The B-V and V-R values from
Table 1 have been plotted and define an area in this phase space. 133P has colors
compatible with those of other comets. The edges of all the distributions shown, are
diffuse, because for clarity we have not plotted the errors associated with each
measurement.

Figure 3. Comet nuclei color indices diagram of comets. The values R-l and V-R from
Table 1 have been plotted and define an area in this phase space. 133P has colors
compatible with those of other comets. HO marks the location of a non-cometary
hypothetical object discussed in Section 4, resulting from a 1-dimensional classification.

Figure 4. The rotational period vs diameter distribution. The data comes from Table 3. It
can be seen that comets are not located randomly over the plot, but instead define a two
dimensional area in this particular phase space, which is tilted with respect to the
horizontal axis. This plot suggest the existence of rotational evolution. See the text for a
more complete discussion of this issue. The location of 133P is compatible with those of
other comets. A symmetrical ellipse has been drawn around the least squares linear fit,
to aid the eye. Notice that eliminating 147P and 46P makes the correlations stronger
(dotted line) and much more tilted (slope 0.73 vs 0.50). However there is no reason to do
so because these are well determined points. What this exercise teaches us is that
additional observations of rotational periods, specifically of small nuclei, are critically
needed to define the slope precisely. HO marks the location of a non-cometary
hypothetical object discussed in Section 4, resulting from a 1-dimensional classification.

Figure 5. Historical evolution of density estimates of cometary nuclei. Notice the absence
of a significant trend with time implying that perhaps a consensus is being reached. There
are two discrepant values, that of 133P and that of 19P. It can be seen that 133P is 7
sigma above the mean value for comets. 133P seems to be a hybrid object partial rock,
partial ice. Notice also the recent estimate of the density of 9P made by A’Hearn et al.
(2005) from data taken with the Deep Impact spacecraft, using the expansion of the base
of the conical ejecta from the impactor. This is the first in situ determination of a
cometary density.

Figure 6. Secular light curve of 133P/Elst-Pizarro, Log plot. Most of the data is taken
after perihelion, where the object shows a brief outburst enlarged in Figure 5. In order to
calculate the photometric age of the comet, the amplitude of the secular light curve at R=1
AU must be known, Asegc(1,1). Due to the lack of a suitable physical model for this type of
object, we have chosen to use the light curves of 4 other comets as templates for
extrapolation. In this way the estimated magnitude at R= 1 AU is 10.0+1.6 magnitudes,
and the amplitude of the secular light curve is then Asec (1,1) = 6.0 £1.5 . In this way a P-
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AGE = 1460 cy can be calculated. However see the text for a calculation using time-Age
giving a value of T-AGE= 80 cy. HJF= Hsieh et al. (2004).

Figure 7. Secular light curve of 133P/Elst-Pizarro, Log plot expanded after perihelion.
The small amplitude, short duration outburst is clearly shown. The Asteroid Dynamic Site
data is plotted as open squares, and is used to corroborate the photometric data (black
circles and squares). The magnitude increase at Log R = +0.516 has not been
corroborated with photometric measurements. The main outburst is not well sampled.
The nuclear magnitude by Hsieh, Jewitt and Fernandez (2004) has been indicated by
HJF.  Two magnitudes near aphelion and 0.6 magnitudes above the nucleus, may
suggest activity at aphelion. The turn on and the turn off points can be measured from
this plot and allow a calculation of P-AGE= 1460 cy which is not validated by Time-Age
(see text). The turn off is determined with great accuracy thanks to our own observations
(downward open triangles) and to serendipitous observations made by Lowry and
Fitzsimmons (2004)=L&F (dark up triangles).

Figure 8. The secular light curve of 133P, time plot. The shape of the outburst is clearly
seen, as well as the possible activity at aphelion. The outburst was initiated at Ton =
42+4 d (Sekanina, IAUC 6473), reached a maximum amplitude of Asgc(1,R) = 2.3+0.2
magnitudes at LAG=155+£10 d, and turned off at Torr= 233+10 d. A Time-Age, T-AGE =
80 (+30, -20) cy can be calculated from this plot. We believe this value is more related to
reality, by comparison with comet 26P which 133 resembles. By good luck our own
observations (open down triangles) and those of Lowry and Fitzsimmons help define the
extent of activity. The date of the next perihelion is indicated. Nappa = numbered
apparitions used /number of recorded apparitions. L&F= Lowry and Fitzsimmons (2005).

Figure 9. Tail length of comet 133P/Elst-Pizarro. The 1996 and 2001 observations can be
fitted with an exponential decay. The 2001 observations a) were made with a large
telescope (University of Hawaii 2.2 m) and very long exposures (typically ~1 hour), thus
detecting longer tails, or b) the event was more intense in 2001 than in 1996. SEK=
Sekanina (IAUC 6473).

Figure 10. Time evolution of the perihelion distance of 133P deduced from the CBAT
ephemeris. It can be seen that besides its normal aging due to sublimation it is subject to
an additional aging caused by an increase in its perihelion distance starting in 2014, thus
accelerating its entering into dormant phase. It would be extremely interesting to see how
the comet responds to changes in perihelion distance, but to measure these changes a
good photometric coverage is needed in the upcoming apparitions.
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Figure 1 (Ferrin, 2006, 109469)
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