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Abstract: The 1.40-2.45 mu m spectrum of Kuiper Belt object 1996 TO/sub 66/ was measured
at the Keck Observatory in 1998 September. Its spectrum shows the strong absorptions near
1.5 and 2.0 mu m that are characteristic of water ice-the first such detection on a Kuiper Belt
object. The depth of the absorption bands and the continuum reflectance of 1996 TO/sub 66/
suggest the presence of a black to slightly blue-colored, spectrally featureless particulate
material as a minority component mixed with the water ice. In addition, there is evidence that
the intensity of the water bands in the spectrum of 1996 TO/sub 66/ varies with rotational
phase, suggesting a "patchy" surface. (19 References)
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Abstract

The 1.40-2.40 pm spectrum of Kuiper Belt object (KBO) 1996 TOes was measured at the Keck Observatory in
September 1998. It’s spectrum shows the strong absorptions near 1.5 and 2.0 pm characteristic of water ice--;he
first such detection on a Kuiper Belt object. The depth of the absorption bands and the continuum reflectance of
1996 TOgs also suggest the presence of a black to slightly blue-colored, spectrally featureless particulate material
as a minority component mixed with the water ice. In addition, there is evidence that the intensity of the water

bands in the spectrum of 1996 TOgs vary with rotational phase suggesting that it has a “patchy” surface.
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It is becoming increasingly clear that the remnant population of objects just beyond the orbit of Neptune is
indeed representative of the small bodies (planetesimals) from which the planets accreted(/,2). Kuiper Belt
objects (KBOs), as they are sometimes called, are mostly beyond the range of planetary perturbations and too
tightly bound to the Sun to be perturbed by passing stars (/,2). Thus KBOs are thought to be primitive remnants
of the early solar system (/,2), and may have unique surface compositional characteristics.

Studies of the physical properties and surface compositions of bodies in the outer solar system can give
important clues to conditions existing in the early solar system. At the great heliocentric distances of the outer
solar system, materials there are expected to be less modified by solar heating than materials in the region of the
terrestrial planets. Thus, small bodies in the outer solar system are thought to preserve a more accurate record of
the chemical and physical properties of the original material from which the solar system formed. Because our
understanding of early solar system chemistry depends upon our knowledge of the small bodies in the outer solar
system, an important suite of bodievs to study are the KBOs.

We report here near-infrared spectroscopy of the Kuiper Belt object 1996 TOes, and discuss its implications.
The data were obtained at the W. M. Keck Observatory on September 27 and 28, 1998 (universal time), using
the Near Infrared Camera (NIRC). The measurements were made using the gr120 grism of the NIRC which has
an approximate wavelength range in first order of 1.35-2.55 pm and a spectral sampling interval of 0.00607 pm
per pixel. The NIRC has an effective pixel size of 0.15 arcsec, and a slit width of 8.5 pixels (~1.3 arcsec) was
used for all the spectral observations. Atmospheric seeing on the night in question was about 0.5 arcsec (full
width at half maximum) at 2.2 um.

1996 TOgs was identified in images taken through the NIRC’s K, filter (3), both by its motion, as we'll as by its
predicted position on the sky. Spectra were collected by centering the image of the object in the grism slit and

obtaining pairs of images of 1200 sec total exposure (15 separate exposures of 80 seconds co-added) with each
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exposx‘lre offset along the grism slit by 12 arcsec. A first-order subtraction of the sky background was
accomplished by subtracting corresponding image pairs. Our spectra of 1996 TOes encompass 4800 seconds of
‘ integration on each of 2 nights.

Correction for telluric extinction and the solar color was accomplished by using spectra of the C-type asteroid
329 Svea obtained on the same night and over the same airmass range (1.03-1.13). 329 Svea was chosen because
it has a flat spectrum with no spectral features over the wavelength range of the observations presented here
(4,5).

The resultant spectra are shown in Figure 1, convolved to lower resolution to enhance the signal-to-noise ratio
(6). The data are in good agreement with the broadband colorimetry of 1996 TOss reported by Jewitt and Luu
(7). Readily apparent in the spectra from both nights are strong absorption bands near 1.5 and 2.0 um. It can also
be seen that the intensities of the absorptions near 1.5 and 2.0 um substantially differ across the two nights’ data,
suggesting that varying areal coverage and/or concentration of the absorbing material is revealed as the object
rotates. The two absorptions near 1.5 and 2.0 pm are attributed to water ice on the surface of 1996 '}‘055. To
illustrate this, in Figure 2 we show the average of both nights data at full resolution, and the data convolved to
lower resolution in the same manner as the spectra shown in Fig. 1. Also shown in Fig. 2 is 2 model spectrum of
particulate water ice intimately mixed with neutral to bluish, but otherwise spectrally featureless, particulate
material. The model spectrum (8) was calculated using bidirectional reflectance theory (9), the known optical
constants of water ice (/0-/2) and a simulated dark material that is spectrally featureless but blue colored over
the wavelength region of our observations (/3) . As can be clearly seen, both the model and the data show the
strong 1.52- and 2.03 pum absorption of water ice. The spectral match is strong enough that we consider water
ice to be positively identified on the surface of 1996 TOgs. The simulated dark material in our model was chosen
merely to improve the fit in 1.4-2.4 um spectral region. Whether the surface of 1996 TOss actually contains

material similar in color to the material used in our simulation cannot be uniquely determined from these data.
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Although the model fits reasonably well, there are two rather significant discrepancies. The first is an
apparent absorption band near 1.8 pm, the second is a mismatch between the model spectrum and the data
| beyond 2.2 um. The apparent absorption near 1.8 um is also seen in the spectrum of 1993 SC (/3). To account
for this absorption, if real, would require an additional molecular component of the surface of 1996 TOes besides
H,0. Nevertheless, we cannot be certain whether the absorption is real or an artifact of incomplete extinctian
correction in the neighborhood of the strong 1.9 pum telluric water vapor absorption.

The mismatch between the model and the data beyond 2.2 um is a bit more interesting because there are no
strong telluric absorptions in the 2.2-2.4 pm wavelength region, suggesting that the drop in reflectance of the
data relative to the model is real. It is not clear from these data whether the discrepancy is due to another
molecular component on 1996 TOes or a difference in the actual optical constants of the water on 1996 TOss
versus those measured in the laboratory (9-11).

Notable also, is the weakness or absence of the 1.65 pm absorption that is partially blended with the 1.52 um
absorption in crystalline water ice (/4). The weakness or absence of this band in our data is consistent with
amorphous water ice, rather than crystalline water ice on 1996 TOes, although certainty demands more precise
data.

It is interesting that the spectrum of the Centaur 1997 CUys (15), shows water-ice absorptions and little else
except red, spectrally featureless material. In contrast, a well-studied Centaur Pholus (/6), shows an absorption
band at 2.03 pum attributed to water ice on its surface, and its overall red color has been attributed to the
presence of red, organic material (/6-/8). Pholus ;lso shows evidence of light organic compounds such as
methanol (CH;OH) (/6). The spectrum of the KBO 1993 SC (/3) shows evidence for light hydrocarbons on its
surface, but none for water ice. Finally, Chiron, another Centaur whose orbit crosses that of Saturn and Uranus,

has a weak coma and undergoes episodic gas releases like a comet. Its spectrum from 1.4-2.4 um is featureless

and nearly flat, similar to that of a C-type asteroid (/9).
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The spectral differences and similarities among the Kuiper Belt objects and the Centaurs suggest both
populations are compositionally diverse groups of objects. Many recent studies of solar system dynamics
conclude that the Kuiper Belt is the source of the Centaurs and the short period comets (20). The data presented

here and the spectral evidence gathered to date (though sparse) are supportive of that view.
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Figure 1: Spectra of 1996 TOss. The data have been convolved to lower resolution to improve the S/N ratio

(6). The data in the upper panel are from Sept. 27, 1998, and the data in the lower panel are from Sept. 28, 1998

(see text).
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Figure 2: Spectra of 1996 TOgs from both nights data averaged together. The data in the lower panel are at

full resolution and the data in the upper paﬁel have been convolved to lower resolution (6). A model was fit to-

the data and is représented by the solid line (see text).
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