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Abstract. We have measured near-infrared colors of the binary Kuiper Belt object
(KBO) 1998 WW31 using the Subaru Telescope with adaptive optics. The satellite
was detected near its perigee and apogee (0.18′′ and 1.2′′ apart from the primary).
The primary and the satellite have similar H–K colors, while the satellite is red-
der than the primary in J–H . Combined with the R band magnitude previously
published by Veillet et al. 2002, the color of the primary is consistent with that of
optically red KBOs. The satellite’s R-, J-, H-colors suggest the presence of ∼ 1
µm absorption band due to rock-forming minerals. If the surface of the satellite is
mainly composed by olivine, the satellite’s albedo is higher value than canonically
assumed value of 4%.

Keywords: Kuiper Belt Objects, binary, near-infrared color, adaptive optics system

1. Introduction

Kuiper belt objects (KBOs) are thought to be remnants of solar system
formation (Edgeworth 1949; Kuiper 1951). These bodies might have
physical or chemical information about the early stage of the solar sys-
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tem. Recently, several KBOs were identified as binary systems (Veillet
et al. 2002 and references therein). The binary KBOs are important
because we can derive the total mass of the systems and constrain its
density by assuming the albedo.

1998 WW31 was the first KBO identified as a binary system other
than the Pluto-Charon system (Veillet et al. 2002). The orbit of the
satellite is highly eccentric (e=0.82) and has a long period (P=574
days), which is not similar to that of the Pluto-Charon system (e=0.0,
P=6.4 days). However, the obliquities are both large (1998 WW31
system: 65.◦2, Pluto-Charon system: 119.◦6 (Tholen & Buie 1997).
The total mass derived from its orbit is 2.7 × 1018 kg (1/5000 of
Pluto-Charon system). The diameter of the primary and the satellite
is estimated to be 118–148 km and 98–123 km, respectively, assuming
that they have the same density 1.0–2.0 g cm−3 and albedo.

The origin of the binary KBOs is not known. A giant impact scenario
has been proposed for Pluto-Charon system (McKinnon 1989; Stern et
al. 1997). If this is the case for the 1998 WW31 system, the impact may
have fragmented the original KBO such that its interior is now exposed.
However, the collisions were too infrequent to account for the observed
number of binaries (Weidenschilling 2002; Stern 2002; Goldreich et al.
2002). Stern (2002) pointed out that if the albedos of the primary
and/or the satellite are higher than the canonical assumption of 4%,
the estimated size of the primary and/or the satellite are reduced and
the frequency of the collision is enough to produce the observed number
of KBO binaries. In this paper, we report the near-infrared photometry
of the primary and the satellite of 1998 WW31 system, and discuss the
difference of the surface compositions.

2. Observations and Reductions

The J- (1.17–1.33 µm), H- (1.48–1.78 µm), and K- (2.03–2.37 µm)
band (Tokunaga et al. 2002) photometry was obtained during the com-
missioning run of the adaptive optics (AO) systems (Takami et al. 1998)
on Oct. 31, 2001(UT) at the f/12.4 Cassegrain focus of the Subaru
Telescope on Mauna Kea, using the Infrared Camera and Spectrograph
(IRCS: Kobayashi et al. 2000, Tokunaga et al. 1998). The AO system is
a curvature sensing system with 36 actuators. IRCS uses an 1024×1024
pixel InSb array with a pixel scale of 0.058′′ pixel−1.

The night was photometric. The natural seeing was about 0.5′′ FWHM
at K-band. Since 1998 WW31 was too faint for the wavefront reference
for the AO system, we used V =11.5 mag star GSC0124300262 as the
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Table I. Journal of observation.

Time Filter Air mass Exp(sec)×frames Separation from

UT 2001 Oct. 31 ref. star (′′)

1998 WW31a

9:00 - 9:36 J 1.22 - 1.17 300× 6 8.5 - 10.1

9:43 - 10:34 H 1.09 - 1.04 180×15 10.4 - 12.7

10:39 - 10:56 K 1.02 180× 5 12.9 - 13.7

10:59 - 11:16 H 1.01 180× 5 13.8 - 14.6

11:51 - 13:00 K 1.00 - 1.05 180×20 16.2 - 19.3

Standard star b

13:24 - 13:33 K 1.06 50× 5 · · ·
13:35 - 13:40 H 1.06 20× 5 · · ·
13:42 - 13:48 J 1.06 20× 5 · · ·

a: r=46.78 AU, ∆=45.84 AU, α=0.◦39

b: Imaging through AO optics but without correction.

wavefront reference. The distance between the KBO and the reference
star was 8.5′′ at the beginning of the observations and 19′′ at the end1.

At the time of the observations the orbital elements were not pub-
lished, and we expected a larger separation than we actually observed.
As a result, we set the exposure time long enough for the frame to
become background noise limited. It was 300 sec. for J-band and 180
sec. for H- and K-band. But the object moved 0.23′′ in the J-band
exposures and 0.14′′ in the H- and the K-band exposures, which makes
the images elongated. Fortunately, 1998 WW31 moved nearly perpen-
dicular to the direction to the satellite, and we could resolve the primary
and its satellite.

Flat fields were constructed for each filter using the median of the
science images. We used a five-point dithering pattern with 3′′ separa-
tion (like the pip pattern for five on dice) by using the AO system’s
tip/tilt mirror. Good quality images were selected for maximizing the
spatial resolution and shifted based on the calculated position of the
object and averaged. The total exposure times of the final images are
1800 sec., 1440 sec. and 3240 sec. for J-, H- and K-band, respectively
(Figure 2). For estimating the image resolution, we also combined
images of a star. The FWHM of the combined image is 0.14′′, 0.20′′
and 0.19′′ for J-, H-, and K-band, respectively, measured with a star

1 We used HORIZON maintained by JPL (http://ssd.jpl.nasa.gov/) to
predict the position of 1998 WW31.
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Figure 1. Near-infrared images of 1998 WW31 system (left: J , center: H , right: K).
North is up and east is to the left. Field of view is 3.7′′ square for each band. Images
are elongated nearly east–west direction, because of the motion of the object during
each exposure frame (see text).

Table II. Relative position of the satellite of 1998 WW31 (measured on J-band
image).

DATE JD ∆α (′′)a,b ∆δ (′′)a,b Sep. (′′) P.A.(◦)

UT 2001 Oct. 31 2452213.89 −0.06±0.12 0.17±0.06 0.18 −18

a: (position difference) = (satellite position) − (primary position)

b: Assigned error is ±2 pixels and ±1 pixel for ∆α and ∆δ, respectively.

which was 34′′ apart from the wavefront reference star. Photometric
calibration was obtained using standard star GSPC S840-F (Persson
et al. 1998). Table I shows the journal of our observations.

Magnitudes of the primary and the satellite were calculated from
the total magnitude and the magnitude difference.

Photometry was performed to measure the total magnitude of the
1998 WW31 system. We obtained the aperture size vs. flux curve to
find a plateau in the aperture photometry and determined the total
flux by averaging the flux at aperture size of 1.16′′, 1.28′′ and 1.39′′ in
diameter for J- and H-band. There was no clear plateau in the K-band
photometry, we adopted the average of the flux measured at the same
apertures as for J- and H-band. The sky was calculated from annular
region with 1.74′′ in inner diameter and 0.58′′ in width. We measured
the errors of the photometry by taking the same aperture to measure
standard deviation of the flux in the blank sky surrounding the object.

The magnitude difference between the primary and the satellite was
measured based on the peak intensity ratio. Since the point-spread
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function (PSF) of the primary and the satellite are identical (the sepa-
ration between the two bodies was small enough within the iso-planatic
angle), the peak intensity ratio is the same as the flux ratio of the two
bodies. To improve the signal to noise ratio, we applied aperture pho-
tometry with small apertures (0.12′′ to 0.23′′ in diameter) around the
peak of each object. To calculate the satellite peak flux, the flux contri-
bution from the primary at the satellite’s position should be subtracted
from aperture photometry data of the satellite. We assumed that the
PSF of the primary was symmetric with respect to the east-west direc-
tion (the axis of the symmetry is parallel to the object motion), and
we used the flux at the mirrored position of the satellite as the flux
from the primary at the satellite position. The satellite’s contribution
to the peak flux of the primary was also subtracted as the same way.
We used the maximum difference of the flux ratio measured by several
small apertures to determine the error.

3. Discussion

The satellite’s position and the results of the photometry are summa-
rized in Table II and Table III. Heliocentric and geocentric distance cor-
rection were applied to the R-band magnitude from Veillet et al.(2002).
The satellite was detected at 0.17′′ north and 0.06′′ west of the primary
position. This is in agreement with the position predicted by Veillet et
al. (2002) to within 1 pixel (58 mas) (Figure 3).

We computed the reflectivity of the primary and the satellite from
the photometric data using the adopted solar colors V –R=0.36, V –
J=0.108, J–H=0.29, and H–K=0.06 (Hartmann et al. 1982; Hartmann
et al. 1990; Hardorp 1980). Possible magnitude variations with rota-
tion of the primary and the satellite are not taken into consideration.
Figure 3 shows the reflectivity normalized by the H band reflectivity.

The colors of these optically red KBOs are thought to be compati-
ble with carbon-rich compounds, organics extract from the Murchison
meteorite (Clark 1982; Moroz et al. 1998), or “tholins” (Khare et al.
1984; Wilson et al. 1994). The primary of 1998 WW31 has steep, red
optical color, consistent with the colors of other known KBOs.

On the other hand, the satellite has large J–H and small R–J values.
Although the signal-to-noise ratio is low, the J–H color suggests that
the normalized reflectivity of the satellite is lower than the primary in
between R- to J-band region. This color is difficult to explain by the
same organic materials. Cruikshank et al. (1998) mentioned that it is
hard to explain the 0.9–1.3 µm spectrum of 5145 Pholus by assorted
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Figure 2. Relative position of the satellite. The orbit and data points except ours
are reproduced from Veillet et al. (2002).

Table III. Results of photometry.

Magnitudes and colors (mag)

R a J H K R − J J − H H − K

Total 23.5±0.1 22.19±0.13 21.55±0.17 21.83±0.28 1.31±0.16 0.64±0.21 −0.28 ±0.33

∆m 0.4±0.1 0.92±0.08 0.12±0.07 0.04±0.20 · · · · · · · · ·
Primary 24.07±0.1 22.58±0.15 22.24±0.18 22.56±0.34 1.49±0.21 0.34±0.23 −0.32±0.38

Satellite 24.47±0.1 23.49±0.15 22.36±0.18 22.60±0.34 0.98±0.21 1.13±0.23 −0.24±0.38

Reflectivity normalized by H band b

Primary 0.47±0.07 0.95±0.14 1±0.18 0.70±0.26

Satellite 0.36±0.05 0.46±0.07 1±0.18 0.76±0.28

a: Veillet et al.(2002) with heliocentric and geocentric distance correction of −0.1 mag.
b: Adopted solar colors: V − R = 0.36, V − J = 1.08, J − H = 0.29, and H − K = 0.06 (Hartmann et al.
1982; Hartmann et al. 1990; Hardorp 1980).

carbon-rich materials, and suggest the presence of 20-µm grains of
olivine.

The large J–H color might be explained by the broad Fe2+ ab-
sorption band near 1 µm of rock-forming minerals such as olivine,
pyroxene, and amphibole group. Figure 4 shows the reflectance spectra
of the satellite of 1998 WW31 compared with that of “space weathered”
olivine grain obtained by laboratory experiments normalized at the V
band reflectivity (Sasaki et al. 2001), together with the spectra of A-
type asteroid 863 Benkoela and the small KBO 1995 HM5 (B, V , R,
I, J , and H) (Barucci et al. 2000; Boehnhardt et al. 2001). The space
weathering was simulated by applying short laser pulse on the olivine
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Figure 3. (Left) Normalized reflectivity vs. wavelength for the primary and the satel-
lite of 1998 WW31 system. The reflectivity are normalized by the H-band values.
The R-band magnitudes are taken from Veillet et al. (2002) with heliocentric and
geocentric distance corrections.

Figure 4. (Right) Reflectivity of the satellite of 1998 WW31 compared with
olivine-rich clan of S-type asteroid 863 Benkoela and “space weathered” olivine
simulated in laboratory (Sasaki et al. 2001). Two thin lines represent the olivine
powder reflectivity after pulse laser irradiations (30 mJ × 5 and 15 mJ). The spectra
are scaled at 550 nm. The reflectivity of small KBO 1995 HM5 are also plotted
(Barucci et al. 2000; Boehnhardt et al. 2001). The reflectivity of the satellite are
scaled to the “olivine 30 mJ × 5” spectrum at 1250 nm. The R band reflectivity is
taken from Veillet et al. (2002) with heliocentric and geocentric distance corrections.

grains. The satellite reflectivity is scaled to the reflectivity of olivine
subjected to five times of a 30 mJ laser at 1.25 µm.

The J–H color of the satellite is compatible with the “space weath-
ered” olivine. There are some other KBOs which seems to have com-
patible spectra with a 1 µm absorption band. 1995 HM5 is a KBO with
130 km equivalent diameter (assuming its albedo is 0.04) and has a red
J–H color, though very uncertain. The optical to near-infrared color is
also compatible with the spectra of space-weathered olivine. The KBO
1999 DE9 also shows consistency with olivine absorption (Jewitt and
Luu 2001).

We cannot specify the composition of the satellite surface from
broadband photometry. However, the 1 µm absorption feature of rock-
forming minerals including olivine is one of the possible candidates that
explain the R-, J-, H-band color of the satellite. Since the albedo of the
olivine is high, if we adopt the olivine as the surface composition of the
satellite, the surface albedo of the satellite should be significantly higher
value of 20–40% (Sasaki et al. 2001) than the canonical assumption of
4%. This implies that the diameter of the satellite is 2–3 times smaller
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than considered before, and the binary formation by collision can be
valid (Stern 2002).
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