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The authors made photometric observations of 2 Pallas,
5 Astraea, 24 Themis, and 105 Artemis during favorable
oppositions from 2003 to 2006. This data, along with
previously published lightcurve data available through
the Standard Asteroid Photometric Catalogue (SAPC)
and other sources, enabled lightcurve inversion to be
done to determine the spin axis orientations, the shapes,
and very accurate synodic rotation periods of these four
minor planets. The results are reported.

Inverting lightcurve data into a shape and spin axis model for an
asteroid took a major step forward in the last year with the
publication of a Windows-based program, MPO LClnvert
(Warner, 2006). Based on the algorithms and code of Mikko
Kaasalainen and Josef Durech (Kaasalainen and Torppa, 2001;
Kaasalainen et al., 2001; Kaasalainen and Durech, 2007), this
advanced tool makes converting lightcurve data into 3-D models
accessible to more advanced minor planet researchers without the
need for understanding the complicated mathematics.

Criteria for coverage, needed rotation period accuracy and
convergence used for this study are explained in the several
Kaasalainen et al. references as well as Warner et al. (2007).

2 Pallas Revisited

Torrpa et al. (2003) determined the shape and rotation axis
orientation of 2 Pallas. This study obtained lightcurves as a
byproduct of extra telescope time during observations of 5
Astraea. In addition, Higley had observed 2 Pallas during the 1978
opposition at the San Diego State University Mount Laguna
Observatory (MLO) using the MLO 16-inch (0.4-meter) telescope
(an f/18 Cassegrain reflector manufactured by Boller & Chivens)
equipped with an RCA 1P21 photomultiplier tube. These data (see
Table 1) were added to the 51 lightcurves Torppa et al. (2003)
used to explore differences, if any, additional data made.

The rotation period was nearly identical, 7.813222 h versus
7.813225 h, a difference of one-tenth of one second. Similarly, the
axis of rotation was determined to be A = 35.6° § = —12.6° versus
A = 35° B = —12° for the first solution and A = 193.1° 3 =44.2°
versus A =193° = —43° for the second solution. So the addition
of data made no substantive difference in the rotation or axial
orientation and indeed the shape itself was almost identical. One
minor difference was that the first three iterative solutions all
favored the retrograde solution and this solution had a %> that was
1.3% lower than the prograde solution, reinforcing this solution as
the more favored.
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Figure 1 shows good agreement between the model and the
unpublished 1978 lightcurve data. Figure 2 shows the shape model
for the retrograde solution.

5 Astraea

Astraca was a challenging subject for shape modeling. Table 2
lists the light curve data used. Observations obtained from SAPC
(1958 to 1987) were rather sparse, there being only 19 light
curves, some of which were rather poorly observed. A literature
search provided additional light curve observations from 1983 and
1987. Most welcome was the addition of data from three separate
research teams whose leads shared data from the 1997 opposition.
This study generated lightcurves from 2006-7. Even with this
additional data, Astraea barely meets the criteria for phase and
aspect spread.

In fact, there were problems getting the data to converge. The dark
facet weight was increased from the default of 0.1 to ~1.0 in order
to get the dark facet percentage below 1.0 percent for all model
runs. This is indicative of possible minor albedo variations. With
over 50 years of observations, getting a highly accurate rotation
period was also paramount, and took a great deal of time. The
default LCInvert processing time of 50 iterations was not enough
for the best solutions, as they continued to significantly converge
if the number of iterations was increased — up to 200. The best
three solutions were considerably better than the rest. However,
there was a significant disagreement between the best solution and
the next two. Specifically, f was either ~50° or ~40°, a non-trivial
10° difference.

Having other sources and different types of data can be used to
make the light curve inversion more robust. There have been
previous pole determinations of Astraca done with other methods
(Magnusson, et al., 1989; Harris and Warner, 2006). None of these
models had §§ near 40°, but closer to 50° or —50°. The best solution
also looked more realistic. The f = 40° solutions appeared to be
rotating about the long axis — a physical impossibility for a stable
asteroid. Finally, there are two HST images and a four-chord
occultation of Astraea that provide measurements of possible a/b
and b/c ratios of 1.092, 1.128 and 1.097. A A = 123.8° § = 49.7°
solution, with a rotation period of 16.800828 h is the only solution
of the best three that has aspects that match the real-world images.

As mentioned in Warner et al. (2007), a test of the soundness of
any particular shape model is that the chi-square (x?) value be
>10% lower than other solutions. This was the case for the best
three solutions. Another test: compare the model lightcurve
against the actual data. This is shown in Figure 3. Figure 4 shows
the shape model for Solution #1. As can be seen in Figure 3, there
is good agreement between the model and actual lightcurve data.
There is similar agreement with the data from other oppositions.

Astraea seems to be a rather angular, roughly cut body. There is
indication of minor albedo variegation, so the large, flat feature on
the upper left of the 0° model aspect of Figure 4 may well be a
crater accompanied by albedo markings.

24 Themis

Themis was a straightforward lightcurve inversion and
convergence on a shape model occurred rapidly. Table 3 lists the
light curve data used. The default dark facet weight of 0.1 kept the
dark facet percentage below 1.0 percent for all model runs. The
default LCInvert processing time of 50 iterations was sufficient for
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the best solutions. The best three solutions were considerably
better than the rest, and in agreement with each other.

A A = 120.3° B = 43.7° solution, with a rotation period of
8.37677 h is the best solution. Figure 5 shows good agreement
between the model and actual lightcurve data. Figure 6 shows the
shape model for the best solution.

Themis appears to be somewhat flattened with no indication of
albedo variation across its surface. The flat area across the top of
the 0° model aspect of Figure 6 may be a large crater.

105 Artemis

Artemis was observed at the request of Ellen Howell of Arecibo
Observatory. The target was the subject of radar observations at
that observatory and visual collaboration was requested to
correlate radar observations with spectral observations taken at
different times. Previous periods of 16.84 h (Schober et al, 1994)
and 18.56 h (Schevchenko et al 2002) had been tentatively
determined. This campaign determined that the period was in fact
37.16 h, a near-exact doubling of the period determined by
Shevchenko et al (2002).

Artemis was of moderate difficulty. Not as difficult as 5 Astraea
but requiring a longer iterative process (>100) to obtain an
accurate rotation period and convergence on a solution, though the
dark facet weight was kept at 0.1. Table 4 lists the light curve data
used. Two solutions stood out from the rest: A = 233.5° § = —42.5°
and A = 240.4° B = 8.9°, with a nearly identical rotation period of
37.15506 h. Since Artemis reaches very high ecliptic latitudes
(i = 21.5°) these two pole solutions are approximately the
prograde and retrograde solutions of one pole direction rather than
the typical ambiguous pair (roughly A = A + 180°) typical of
targets at low ecliptic latitudes. We prefer the retrograde solution
as it has a stronger convergence. Figure 7 shows that there is
agreement between the retrograde model and actual lightcurve
data. Figure 8 shows the shape model for this solution as well.

Artemis appears to have a much flattened ellipsoidal model being
shaped more like a hamburger than a hot dog. This is supported by
the only previous determination of the triaxial ellipsoid model of
105 Artemis (Tungaglag et al., 2002) and by occultation data
(Dunham, 1999; Sada and Pesnell, 2000). It should be noted,
however, that the dimension along the rotational axis is not
strongly constrained by this inversion method, especially for low
amplitude data (Torppa et al, 2003). Artemis may have a less (or
more) flattened shape by + 10%. The shape model also shows
evidence of at least one large crater (upper right of Z = +90°
aspect) which is supported by occultation data (Sada and Pesnell,
2000). There is no evidence of significant albedo variation.
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Year #LCs ~\ ~B a References
1978 3 252° 49° 14° see text
2006 7 275° 28° 16° see text

Table 1. Additional observing circumstances for 2 Pallas
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Figure 1. Comparison of model lightcurve (black/dark) versus data
from June 1978 (this paper, red/light).

Figure 2. Shape model for 2 Pallas. The left-hand model is Z = 0°;
the right-hand is Z = +90°.

Year #LCs ~\ ~B a References
1958 2 120° -1° 12/20° 1

1962 5 94° -5° 7/20° 2

1969 2 50° -8° 19° 3

1975 3 201° 8° 13° 3

1983 4 161° 3° 4° 4, 5

1987 3 135° -2° 4/17° 4, 6

1997 17 330° 1° 14/20° 7, 8, 9
2006 17 30° -6° 3/24° 10
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Table 2. Observing circumstances for 5 Astraea, 1958-2006.
References are 1) Gehrels and Owings (1962), 2) Chang and
Chang (1962), 3) Taylor (1978), 4) Weidenschilling, et al. (1990),
5) Harris, et al. (1999), 6) Melilo (1987), 7) Shevchenko, et al.
(2002) 8) Lopez-Gonzdlez and Rodriguez (2005), 9) Blanco, et al.
(2000), 10) this paper.

Figure 3. Comparison of model lightcurve (black/dark) versus data
from October 2006 (This Study, red/light).

Figure 4. Shape model for 5 Astraca. The left-hand model is Z =
0°; the right-hand is Z = +90°.

Figure 6. Shape model for 24 Themis. The left-hand model is Z =
0°; the right-hand is Z = +90°.

Year #LCs ~\ ~B a References
1977 1 242° 33° 17° 1

1980 6 136° -30° 13° 2,3

1996 5 90° 1° 0/21° 4

1999 2 185° 0° 0/13° 4

2003 5 35° 0° 0/15° 5, 6, 7
2006 27 329° -1° 0/5° 8, 9, 10

Year #LCs ~\ ~B a References
1965 3 250° -1° 2° 1

1977 2 307° -1° 5° 2, 3

1979 21 90° 1° 0/21° 4

1992 5 185° 0° 0/13° 5

1995 5 35° 0° 0/15° 6

2005 7 329° -1° 0/5° 7

Table 3. Observing circumstances for 24 Themis, 1965-2005.
References are 1) van Houten Groeneveld et al. (1979), 2)
Degewij et al. (1979), 3) Tedesco (1979), 4) Harris et al. (1989),
5) Chernova et al. (1994), 6) Denchev et al. (1998), 7) this paper.

ﬁ: =
. ;1 o
" - -
o A . . . " k3
2 - . & g, h) i) ﬁ
;’Q A - ‘.ﬂ? -f\ » -
- . y 1 i N 7
s L~ SR H R +glhy
- & 3 .
T : ¥ :
; Se
REE
.

Figure 5. Comparison of model lightcurve (black/dark) versus data
from September 1995 (Denchev, red/light).

Table 4. Observing circumstances for 105 Artemis, 1977-2006.
References are 1) Tedesco (1979) 2) Debehogne et al (1982), 3)
Schober et al (1994), 4) Tungalag et al. (2002), 5) LeCrone et al.
(1994b), 6) Behrend (2006), 7) Pravdo (2007), 8) Koff (2006), 9)
Higgins (2006), 10) this paper.

Figure 7. Comparison of model lightcurve (black/dark) versus data
from April 2006 (This Study and Higgins, red/light).

Figure 8. Shape model for 105 Artemis. The left-hand model is Z
= 0°; the right-hand is Z = +90°.
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