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The near-earth asteroid (25143) 1998 SF36 is a target body for the Japanese sample-return MUSES-C mission.
We present here its pole orientation and triaxial ellipsoid shape, using light curve data obtained with three telescopes
at Kiso, Mitaka, and Pic du Midi. The solution obtained for the pole orientation has ecliptic latitude A = 320 £ 30°
and ecliptic longitude 8 = —75 &£ 12°. The estimated triaxial ellipsoid shape is a/b = 2.1 and b/c = 1.7 assuming
m = 0.03, which is the coefficient of the empirical relation between the light curve amplitude and the phase angle
for S-type asteroids (Zappala et al., 1990). We also found m to be related to asteroid surface roughness, using a

light curve simulator.
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1. Introduction

The near-earth asteroid (25143) 1998 SF36 (@ = 1.33AU,
e = 0.28, i = 1.72°) is a target body for the Japanese
sample-return MUSES-C mission (Fujiwara et al., 2002; Far-
quhar et al., 2002). This asteroid was discovered on Septem-
ber 26, 1998 by the Lincoln Near-Earth Asteroid Research
program and made a close approach to the Earth at the end
of March, 2001. The taxonomic type of 1998 SF36 has been
determined from spectroscopic observations between wave-
lengths of 0.5 and 2.5 um, placing it in the S(IV) group
(Binzel et al., 2001). Radar observations have suggested two
preliminary pole solutions (ecliptic longitude A, ecliptic lat-
itude B): either (320° £ 30°, —75° & 15°) or (230° £ 15°,
—5° &£ 15°). They have also allowed determination of a first
approximation of the asteroid’s shape, characterizing it as an
ellipsoid 630 & 60 m in length and 250 4 30 m in width (Os-
tro et al., 2001). Many observers have obtained light curve
data for this asteroid, using optical photometric observations.
Dermawan et al. (2002) found that its synodic rotational pe-
riod is 12.13 4 0.02 hours. In this paper, we describe its
pole orientation and triaxial ellipsoid shape, determined us-
ing light curve data obtained with three telescopes at Kiso,
Mitaka, and Pic du Midi.

*The spacecraft MUSES-C had been launched successfully on May 9,
2003, and the spacecraft was renamed “HAYABUSA” which means “fal-
con” in Japanese.
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2. Observations and Data Reduction

We carried out optical photometric observations of 1998
SF36 during its 2001 apparition, using the 105-cm Kiso
Schmidt telescope with the SITe 2KCCD, the 50-cm NAO-
Mitaka telescope with the Astromed CCD (Dermawan ef al.,
2002) and the 105-cm Pic du Midi telescope with the Thom-
son CCD (Michatowski ez al., 2000). The observational con-
ditions are summarized in Table 1. We used exposure times
ranging from 60 sec. to 360 sec. during the entire run.

The raw image data were bias-subtracted and normalized
using the flat-field images. We used the software IRAF for
aperture photometry, with the exception of the Pic du Midi
frames, which were reduced with the STARLINK package.
The photometry of this asteroid was determined relative to a
number of comparison stars—five stars were used in every
frame. The apparent magnitudes of the comparison stars
were determined by observing several distinct standard stars
on the same night. The magnitudes of our standard stars were
derived from the Landolt catalogue (Landolt, 1992).

3. Pole Orientation and Triaxial Ellipsoid Shape
3.1 Epoch method

To estimate the orientation of the pole position, we used
the Epoch method described by Magnusson (1986). The
light curve minima were selected as the “Standard Feature”
(SFs), because we detected the epochs of only the light
curve minima in Kiso data. Assuming this is the true pole
orientation, the following equation holds:

T, — Tt 6, — 6
O—ni: 0’ 1)
P 2

where T is the time at the first SF, T; is the time at the
i-th SF. P is the sidereal rotational period, and »; denotes
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Table 1. Observational condition.

Date Mag r (AU) A (AU) S-T-0 (°) EcLon (°) EcLat (°) Tel Filter
2001/2/20 16.4 1.15 0.17 22 175 11 P R
2001/2/21 16.3 1.14 0.17 22 175 12 P R
2001/2/22 16.2 1.14 0.16 21 175 12 P R
2001/2/25 16.0 1.13 0.15 21 177 13 P R
2001/2/26 15.9 1.12 0.14 21 177 14 P R
2001/3/13 14.6 1.06 0.08 26 189 23 M I
2001/3/15 14.5 1.06 0.07 28 192 26 M I
2001/3/26 14.0 1.02 0.04 57 232 42 K BVRI
2001/3/29 14.2 1.01 0.04 71 255 44 K R
2001/3/31 14.6 1.00 0.04 81 271 42 K BVRI
2001/4/1 14.8 1.00 0.04 85 278 41 K R
2001/8/22 17.9 1.30 0.32 21 355 -7 K R
2001/8/23 17.9 1.31 0.32 20 355 -7 K R
2001/8/24 17.9 1.31 0.32 19 354 -7 K R
2001/8/25 17.9 1.32 0.32 17 354 -7 K R
Mag : Predicted apparent magnitude.
r: Heliocentric distance (AU),
A: Geocentric distance (AU).
S-T-O: Phase (Sun-Asteroid-Observer) angle (°).
EcLon: Observed-centered ecliptic longitude of the asteroid (°).
EcLat: Observed-centered ecliptic latitude of the asteroid (°).
Tel: Telescope (P: Pic du Midi, M: Mitaka, K: Kiso).
Table 2. Time of SF and the orientation of PAB.
Date 2001/3/13 2001/3/15 2001/3/26 2001/3/31 2001/4/1
Time (7; —Tp) (hour) 0 45.58 315.16 43597 459.85
Ecliptic longitude (P AB) (°) 1.77 4.36 32.10 54.69 58.64
Ecliptic latitude (PAB) (°) —12.85 —13.99 —22.33 —21.26 —20.31
Apparent mean rotational period (7; —T,)/n; (hour) — 12.15 12.12 12.11 12.10

Table 3. Light curve amplitude and orientation of PAB.

Date 2001/2/20, 21, 22, 25, 26 2001/3/13, 15 2001/8/22, 23, 24, 25
Amplitude (mag.) 0.78 0.73 0.86
Ecliptic longitude (PAB, °) 346.59 2.23 165.34
Ecliptic latitude (PAB, °) —7.02 —13.04 4.38
Phase angle (°) 21.26 27.20 19.12

the number of rotations between Ty and 7;. 6, and 0; are
the astrocentric longitude of the phase angle bisector (P AB)
at Ty and T;, respectively. If the astrocentric longitude of
P AB is constant, the synodic rotational period is constant
and equal to the sidereal rotational period. The derived value
of SF and the ecliptic longitude and latitude of PAB are
shown in Table 2.

We define § in the following equation:

=3

: [( )2}/(N—1)- 2)

We calculated § for each assumed pole orientation, and
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the results are shown in Fig. 1 for a sidereal rotational period
of 12.16 hours. In Fig. 1, there are four solutions for the
pole orientation corresponding to minima of §. The apparent
mean rotational period decreased with the direction of PAB
changing in an anticlockwise direction as shown in Table 2
and Fig. 2. This indicates that the asteroid’s rotation is
retrograde—that is, the pole orientation of the asteroid is
south of the ecliptic plane—and allows us to eliminate the
two solutions in which the latitude of the pole orientation
is positive. This conclusion does not change even if we
consider the uncertainties in 7;.
3.2 Amplitude method

To estimate the orientation of the pole position, we used
a second approach: the Amplitude method, described by
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Fig. 2. The observing geometries in March and April, 2001, are shown relative to 1998 SF36 (center). The circular scale is the ecliptic longitude of the
phase angle bisector (PAB). The direction of the dashed line is that of the equinox. As the apparent mean rotational period decreased with changes in
the direction of PAB in the anticlockwise direction, the rotation of 1998 SF36 is retrograde (see Table 2 and the text for details).
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Fig. 3. Probability map of pole orientation for 1998 SF36 using the Amplitude method. Lower o regions indicate a higher probability of the pole
orientation.



344 Y. OHBA et al.: POLE ORIENTATION, TRIAXIAL ELLIPSOID SHAPE AND SURFACE ROUGHNESS OF (25143) 1998 SF36

S—type asteroid C—type asteroid
2.5 T T T T
— 2:1.4:1(80dsg) 71 t—— 2:1.4:1 (90 deg)
---- 3:1:1 (90 deg.) Al L=---8:1:1 (90 deg.)
——- 2:1.41 (75deg)) ——- 2:1.4:1 (75deg)
—— 3:1:1 (75 deg.) [ —— 3:1:1 (75 deg.)
2 i 5 i 7
_ :
% .»"';/ ’
= Ve V4
c) 4 4
=z 4 I /
il / i // ,
/_/ ’ /
1 4 . ‘ L i i
0 30 60 900 30 60 90

Phase angle (deg.) Phase angle {deg.)

Fig. 4. The relationship between the phase angle and the amplitude curve normalized at the phase angle of 0°, i.e., A(x)/A(0°), for S-type asteroids
(left) and C-type asteroids (right), where the surface is assumed to be smooth. The Hapke parameters for each taxonomic type are from Helfenstein and
Veverka (1989). The relation was deduced as a function of shape (a : b : ¢) and some aspect angles (given in parentheses). The slope of the curve, m,
becomes the same, at least at phase angles below 40°.
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Fig. 5. The relationship between the roughness and the coefficient m.

Magnusson (1986). Assuming a triaxial ellipsoid shape, the observer angle), and a, b, and ¢ are the lengths of the princi-

light curve amplitude can be written as follows: pal axes of the ellipsoid, with the constrainta > b > ¢. We
assume that the albedo is constant over the whole surface of

A, o) = 125 {log |: (b/c)? cos* () + sin®(¢) :| } the asteroid. m is the coefficient of the empirical relation be-

' (b/c)? cos2(p) + (b/a)? sin’(¢p) tween light curve amplitude and phase angle (Zappala et al.,

(1 4+ ma) 3) 1990). We adopted m = 0.03, which is the value for S-type

asteroids reported by Zappala et al. (1990). We measured

where ¢ is the aspect angle (the angle between pole orien- the amplitude at three epochs and the results are shown in
tation and PAB), « is the phase angle (the Sun-asteroid- Table 3.




Y. OHBA et al.: POLE ORIENTATION, TRIAXIAL ELLIPSOID SHAPE AND SURFACE ROUGHNESS OF (25143) 1998 SF36

Table 4. Obtained triaxial ellipsoid shape with various surface roughness 6
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m (roughness 0) 0.012 (0°) 0.015 (10°) 0.020 (20°) 0.025 (30°) 0.027 (40°) 0.030 (50°)
a/b 2.7 2.6 2.3 2.1 2.1 2.1
b/c 1.4 1.4 1.6 1.7 1.7 1.7
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Fig. 6. Simulated light curve (dashed line) using the obtained solution, and observed light curve (symbols). The observed light curves were obtained
at Mitaka on March 13 and 15, 2001. The light curves assume a rotational period of 12.15 hours, and assume m = 0.012 (smooth surface) and
a:b:c=1:037:0.26 (top panel), for m = 0.02 (medium roughness with § = 20°)anda : b : ¢ = 1 : 0.44 : 0.27 (middle panel), and for m = 0.03
(heavy roughness with § = 50°)and a : b : ¢ = 1 : 0.44 : 0.27 (bottom panel).

For each assumed pole orientation, we calculated the stan-
dard deviation o of the solution for the triaxial ellipsoid
shape of a/b and b/c using the three datasets shown in Ta-
ble 3 and Eq. (3). The distribution of ¢ is shown in Fig. 3.
As shown in Fig. 3, the solution using the Epoch method
suggests that the pole orientation is almost perpendicular to
the ecliptic plane. This can be understood from the fact that
the observed amplitude is always large and has almost the
same value at each epoch. The final solution is the inter-
section between the plausible regions of § and o, derived
from the Epoch method and the Amplitude method, respec-
tively. That is, the value of the solution is A = 320° % 30°,
B = —75° £ 12°. The resulting pole orientation yields a
triaxial ellipsoid, based on Eq. (3), with b/a = 2.17)3 and
b/c =1.7+£0.1.

4. The Relation between m and Surface Roughness
0

Zappala et al. (1990) suggested that the coefficient m
varies with taxonomic type. Karttunen and Bowell (1989),
however, argued that the variation of the light curve am-
plitude is almost the same for S-type and C-type asteroids,
using a light curve simulator and the Lumme-Bowell scat-
tering law (Bowell and Lumme, 1979). Here, we propose
that the coefficient m is related to the surface roughness

6. The roughness is the “mean slope angle” defined by
tanf = (2/m) fon/z a(9’) tan6'd0’. The angles of tilt are as-
sumed to be distributed uniformly in azimuth and described
by the function a(9’), where 6’ is the normal to mean sur-
face angle. We constructed a light curve simulator (Ohba,
2002) using the Hapke scattering law (Hapke, 1993), and
verified that the simulator could reproduce the light curves of
(243) 1da, adopting the pole orientation and shape estimated
by Dotto ef al. (1995). We also confirmed the mean phase
curves for C- and S-type asteroids (Bowell and Lumme,
1979) using the Hapke parameters of C- and S-type aster-
oids reported by Helfenstein and Veverka (1989). Using this
light curve simulator, we calculated the variations of the light
curve amplitude with phase angle for various shape and as-
pect angles. As shown in Fig. 4, when the surface roughness
is the same, the variation of the light curve amplitude is al-
most the same (at least below phase angles of 40°). The tax-
onomic type, ellipsoid shape, and the aspect angle play only
minor roles in the relation between the light curve amplitude
and the phase angle.
We next calculated m, defined as follows:
A)

m = (1 +ma),

for various surface roughnesses (see Fig. 5) and the results

“4)
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Fig. 7. Simulated light curve (dashed line) using observed light curves obtained at Kiso between August 22 and 26 (top panel) and at Pic du Midi between
February 20 and 26 (bottom panel). The light curve (dashed line) is the same as that in the middle panel of Fig. 6.

are plotted in Fig. 4.

As shown in Fig. 5, it appears that the coefficient m in-
creases with surface roughness. We recalculated the pole
orientation and triaxial ellipsoid shape for 1998 SF36, re-
lating m to the surface roughness through the results plotted
in Fig. 5. The pole orientation was not different from the
value obtained in the case of m = 0.03, but the shape of the
triaxial ellipsoid, especially a/b, was different if m is taken
to be related to surface roughness. The results are shown in
Table 4.

5. Discussion

Zappala et al. (1990) suggested that the coefficient m dif-
fers for S-type and C-type asteroids. In this study, however,
we have shown that the coefficient m varies with surface
roughness @ of the Hapke scattering model. As the coeffi-
cient m does not vary with other parameters of the Hapke
model, as described in the previous section, this seems to
indicate that the surface roughnesses of S-type and C-type
asteroids are different.

Using the Epoch and Amplitude methods, we determined
one solution of pole orientation and triaxial ellipsoid shape
for the mission target asteroid 1998 SF36. The results ob-
tained were essentially consistent with those of previous
radar observations (Ostro et al., 2001), but we showed that
the asteroid has a triaxial ellipsoid shape, while Ostro et al.
(2001) assumed b = c. Figures 6 and 7 show the simu-
lated light curve obtained using our solution, together with
observed light curves. It is not possible to determine the
surface roughness by comparing the observed and simulated
light curves. However, if we could confirm the triaxial ellip-
soid shape by some other means, it would be possible to de-
termine the surface roughness. The light curve amplitude at
zero phase angle is dependent on the triaxial ellipsoid shape
and the aspect angle, but not the surface roughness. If we had
light curve data near the zero of the phase angle, it would be
possible to determine the triaxial ellipsoid shape and surface
roughness independently.

The asteroid 1998 SF36 will make another close approach
to the Earth in June 2004, while the spacecraft MUSES-C
will arrive at the asteroid in June 2005, and continue its in
situ observations there for the subsequent 5 months. We
will thus have an opportunity to compare the results of the
ground-based observations with the results of in situ obser-
vations of this asteroid in the near future.
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