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Surface Composition of Kuiper 
Belt Object 1993SC 

Robert H. Brown, Dale P. Cruikshank, Yvonne Pendleton, 
Glenn J. Veeder 

The 1.42- to 2.40-micrometer spectrum of Kuiper belt object 1993SC was measured 
at the Keck Observatory in October 1996. It shows a strongly red continuum reflec- 
tance and several prominent infrared absorption features. The strongest absorptions 
in 1993SC's spectrum occur near 1.62, 1.79, 1.95, 2.20, and 2.32 micrometers in 
wavelength. Features near the same wavelengths in the spectra of Pluto and Nep- 
tune's satellite Triton are due to CH, on their surfaces, suggesting the presence of a 
simple hydrocarbon ice such as CH,, C,H,, C,H,, or C,H, on 1993SC. In addition, 
the red continuum reflectance of 1993SC suggests the presence of more complex 
hydrocarbons. 

Ever since Kuiper ( 1  ) postulated a remnant 
population of solar system objects just be- 
yond the orbit of Pluto, there has been 
speculation as to the existence and nature 
of these objects, as well as to whether they 
are representative of the small bodies from 
which all the known planets are thought to 
have arisen. Because the Kuiper belt objects 
(KBOs) were thought to be mostly beyond 
the range of planetary perturbations, and 
because they were thought to be too tightly 
bound to the sun to be perturbed by passing 
stars, it was hypothesized that KBOs may be 
primitive remnants of the early solar system 
( 1 ,  2) .  In contrast, the Oort cloud, a halo of 
objects believed to be the source of long- 
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oeriod comets and assumed to extend out to 
the limits of the sun's gravitational sphere 
( 3 ) ,  may be populated primarily by objects 
ejected from the region of the giant planets 
(4). Thus, KBOs inay not have been as 
strongly heated as objects populating the 
Oort cloud and as a result may have unique 
surface compositional characteristics. KBOs 
are important to our understanding of the 
chemistry of the early solar system, but their 
distance and small size (less than a few 
hundred kilometers in diameter) precluded 
discovery until recently. Within the last 4 
years, however, over 40 objects have been 
discovered (5). In fact, the Kuiper belt may 
have > lo8  objects larger than 10 km in 
diameter (6). 

Detailed here are near-infrared snectro- 
scopic observations of the Kuiper belt object 
1993SC, and the imulications that these ob- 
servations have for its surface composition. 
The observations were conducted at the W. 
M. Keck Observatory during the period 2 to 
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4 October 1996 universal time (UT).  The 
Keck I telescope was used with the near- 
infrared camera (NIRC) as the focal plane 
instrument. The observations were conduct- 
ed with the gr120 grism of the NIRC, which 
has an effective wavelength range in first 
order of 1.45 to 2.55 pm and a spectral 
sampling interval of 0.007 pm. The NIRC 
has an effective pixel size of 0.15 arc sec, and 
a slit width of 8 oixels 11.2 arc sec) was used 
for all the spectral observations. 

We located 1993SC using the latest or- 
bital elements (7) in the co~n~nercially 
available ephemeris program Ephem (8) 
and identified the object in an image taken 
through the NIRC's K, filter (9) .  The tele- 
scope was then offset 5 arc sec to the north 
to obtain an additional i~naee and a mea- 
surement of the night sky brightness, while 
tracking the uredicted motion of 1993SC. - 
The resulting series of positive-negative 
pairs in the differenced images showed dif- 
ferent apparent position angles, depending 
on whether or not an object was moving at 
the sidereal rate. In addition to the position 
angle difference, objects moving at sidereal 
rate were trailed. That 1993SC was moving 
against the stellar background at the pre- 
dicted rate was corroborated in a final im- 
age acquired some 20 min after the initial 
imaee. which allowed a check of the total - 3 

movement of the object against the stellar 
background. " 

Collecting a spectrum involved posi- 
tioning the,object in the center of the slit 
and obtaining pairs of images of 1800 s 
total exposure (18 separate exposures of 
100 s co-added) with each exposure offset 
along the grism slit by 5 arc sec, alternate- 
ly north then south. Differencing corre- 
sponding pairs of images allowed an  accu- 
rate subtraction of the sky background 
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while providing the full time for integra- 
tion on  the object and sky. Our spectrum 
of 1993SC consists of 3600 s integration 
over a n  air-mass ranee of 1.2 to 1.7. " 

We corrected telluric extinction by using 
spectra of several comparison stars obtained 
on the same night and over the same air- 
mass range. The soectruln was corrected for " 
the solar color by multiplying the extinction- 
corrected soectrum bv the flux ratio of two 
blackbodies'-one at 'the color temperature 
of the co~noarison star and the other at the 
color temperature of the sun. The signal-to- 
noise ratio of the final suectrum was in- 
creased at the expense of spectral resolution 
by convolving the raw spectrum with a 12- 
channel-wide Gaussian (10). This was 
deemed the best trade-off between increas- 
ing the signal-to-noise ratio of the spectrum 
while reducing suectral resolution (Fie. 1 ). 

u - 
There are several apparent absorption 

bands in the data that are statlsticallv sie- 
nificant. In particular, there is a two-ba;d 
complex centered near 2.2 and 2.3 pm,  
respectively, as well as two and perhaps 
three other significant bands in the 1.4- to 
1.9-p,m region of the spectrum. The  two- 
band complex near 2.2 and 2.3 p m  and the 
single band near 1.8 p m  occur at the same 
wavelengths as similar features in the spec- 
trum of Triton that are attributed to the 
presence of CH4 in solid solution with N2 
ice on Triton's surface (1 1 )  (Fig. 2).  The  
band structure of the spectra of 1993SC and 
Triton in the 1.7- to 2 . 5 - ~ m  region are 
quite similar. The  most prAmineG differ- 
ences in the two spectra are the greater 
depths of the bands in the 1993SC spec- 
trum and a mismatch on  the short-wave- 

length side of the band near 1.7 pm. The  
mismatch on the short-wavelength side of 
the 1.7-pm band is likely due to the pres- 
ence of an absorber on 1993SC that is not 
on  Triton. The mismatch in the 1.85-pm 
region may be due to incomplete extinction 
correction. In addition to the strong bands, 
there is an inflection near 2.15 p m  in the 
spectrum of 1993SC that is similar to an 
inflection in the smoothed Triton met- 

trum. The  inflection in the Triton spectrum 
is due to N2 ice (1 1 ,  12). Whether the 
inflection in the spectrum of 1993SC is real 
and due to N 2  is not clear from these data. 

The  presence of CH4 on Triton is based 
on higher resolution data over a larger 
wavelength interval (1 1, 12). A t  the low 
resolution of the 1993SC soectrum (and 
also that of the smoothed Triton spectrum), 
however, many of the individual bands of 
CH4 in this wavelength region cannot be 
resolved. Nevertheless, the close corresoon- 
dence of the band ceniers and widths in the 
two spectra argues for a light hydrocarbon 
component on the surface of 1993SC, ei- 
ther CH4 or a molecule similar in structure 
and composition such as ethane (C,H,), 
ethylene (C,H4), or acetylene (C,H2). 
Ethane, ethylene, and acetylene all have a 
similar band structure in the 2-p,m spectral 
region because the vibrational modes re- - 
sponsible for the observed bands are similar, 
producing corresponding similarities in 
their combination and overtone bands (13, 
14). In the 2.5-pm spectral region and at 
the effective resolution of the 1993% spec- 
trum, the above ~nolecules are difficult to 
distinguish spectrally. 

Besides the bond structure and the sym- 

metry of a given molecule governing its 
vibrational spectrum, the electric field en- 
vironment of a molecule can have impor- 
tant effects on  the details of its vibrational 
spectrum. For example, CH4 displays shifts 
to shorter wavelengths in its vibrational 
bands when it is a minority component in a 
solid solution with nitrogen (15, 16). This 
effect led Cruikshank et al. (1 1 ) to conclude 
that the CH4 on Triton probably exists in a 
solid solution with N 2  ice on  Triton's sur- 
face rather than as free ice in isolated 
patches. A similar analysis of Pluto's spec- 
trum by Owen et al. (1 7 )  concluded that 
CH4 on  Pluto also exists in a solid solution 
with N,; however, spectra of higher resolu- 
tion show that the Pluto CH4 bands are 
double (17), suggesting two reservoirs of 
CH4: both free CH4 and CH4 dissolved in 
N,. 

Where CH4 exists as a solid solution and 
a free ice, bands centered anywhere be- 
tween the wavelengths of the bands in each 
of the end member spectra can be seen at 
high spectral resolution in a disk-averaged 
spectrum when the end members are dis- 
tributed in various proportions as isolated 
patches on  the body's surface (16). Tha t~ is ,  
the spectrum of each of the end members is 
mixed in proportion to the projected area 
they occupy on  the surface of the body. The  
effect of reducing the resolution, however, 
can counteract some or all of this effect, 
depending on  the symmetry of the absorp- 
tion bands in question. Because the band 
centers in spectrum of 1993SC are similar 
to those of Triton, if CH4 is responsible for 
most of the absorptions seen in the 1993SC 
spectrum, then it is tempting to conclude 

Wavelength (pm) Wavelength (pm) 

Fig. 1 (left). Spectrum of 1993SC. The spectrum has been normalzed moved from all spectra. The solid line IS a spectrum of Triton from Cruik- 
and convolved with a Gaussian whose full width at half maximum is shank et a/. ( 7  I), convolved to the same resolution as that of the 
equal to 12 fundamental resoluton elements of the raw spectrum. The spectrum of 1993SC, The dotted line is a spectrum of Pluto (21), 
error bars are 1 a. Fig. 2 (right). Spectrum of 1993SC plotted wth convolved to the resolution of the spectrum of 1993SC. The error bars are 
the smoothed spectra of Triton and Pluto. The cont~nuum has been re- l a .  
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that some of the CH, on 1993SC exists in 
a solid solution with another component, 
perhaps K2. Nevertheless, the precision and 
resolution of the existing data combined 
with the effects cited above make it difficult 
to reach that conclusion with anv certaintv. 

In addition to the uncerta;nty intrd- 
duced when usine low-resolution soectral c7 

data, it is also unclear whether N2 on 
1993SC could be stable against long-term 
loss to space. A calculation of the temper- 
ature distribution on the surface of a body at 
a distance of 35 astronomical units from the 
sun, assuming a bolometric bond albedo of " 
0.05 and rotation period of 6 hours, gives a 
peak daytime temperature of 50 K at the 
equator of a spherical body with very low 
thermal inertia. A t  this temDerature N, and 
CO have relatively high vapor pressures 
(4.0 and 0.88 mbar, respectively), but CH, 
ice has a much lower vapor pressure (3 
ybar) (18). As such, it is unclear whether a 
body 300 km in diameter (19) has enough 
surface gravity to retain co~npounds like N2 
and CO over the age of the solar system. 
Thus, although it is reasonable to conclude 
that the spectrum of 1993SC is consistent 
with a CH,-like hydrocarbon on its surface, 
making th: leap td a CH,-like hydrocarbon 
in solid solution with another, more volatile 
compound like N2  is thermodynamically 
problematic. 

The spectrum of 1993SC is also interest- 
ing because its reflectance increases by 
about a factor of 2 over the 1.4- to 2.4-um 

, 8 

region. This is much redder than the spec- 
trum of Triton, but slightly less red than the 
slope of the average visual (0.4 to 0.8 ym)  
reflectance of 1993SC reported by Luu and 
Jewitt (20). Overall, the spectral slope of 
1993SC could be due to co~nolex organic " 
~nolecules (21)  on its surface, as well as 
simple hydrocarbons such as CH,. Lastly, 
the similarity of the spectrum of 1993SC to 
that of Pluto (22) (Fig. 2) strengthens the 
case for CH, on 1993SC and appears at 
least to be consistent with the idea that 
Pluto and Triton may be the largest mem- 
bers of the population of bodies that made 
up the early Kuiper belt (6) .  Whether this 
spectral similarity is significant in light of 
the possibly very different evolutionary 
paths taken by Triton, Pluto, and 1993SC is 
unclear. 
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Modeling of Cometary X-rays Caused 
by Solar Wind Minor Ions 

Roman M. Haberli, Tamas I. Gombosi,* Darren L. De Zeeuw, 
Michael R. Combi, Kenneth G. Powell 

X-ray emission was discovered in comet Hyakutake (Cl1996 B2) by the Rontgen satellite 
in 1996, and these emissions were attributed to the excitation of high charge state solar 
wind ions due to electron capture from cometary molecules or atoms. Using the plasma 
flow in the coma of Hyakutake calculated by a three-dimensional adaptive magneto- 
hydrodynamic model, the density distribution of solar wind ions in the coma and the 
resulting x-ray emission were computed. The calculated High Resolution Imager count 
rate of 4.4 per second and the spatial distribution of the x-ray emission agree with the 
observations. A detailed energy spectrum of cometary x-rays is predicted in the 80 to 
2000 electronvolt energy range. Cometary x-rays present a sensitive tool to monitor 
cometary activity and solar wind ion composition. 

Observations of comet (211996 B2 (Hya- 
kutake) by the Rontgen x-ray satellite 
(ROSAT) revealed the emission of soft x- 
rays from the coma at an unexpectedly high 
level of about 10" photons s-' (1). Of sev- 
eral possible explanations including fluores- 
cent scattering of solar x-rays, interaction 
with interplanetary dust particles, and 
bremsstrahlung created by the cometary 
plasma, none satisfactorily explains the ob- 
served magnitude and shape of the emission 
(1). The observed x-ray emission may be 
caused by charge exchange excitations 
(CXE) of high charge state solar wind ions 
(0 ' - ,  06-, C6+ , a nd others) with neutral 
molecules or atoms in the comet (2). Reac- 
tions such as 07- + H -t 06+ + H f  occur 

in the upper atmosphere of Jupiter due to 
interaction with the solar ivlnd, and an anal- 
ogous mechanism may explain cometaty x- 
rays (3). The electron is most likely captured 
into an excited state of the solar wind minor 
ion (4), leading to emlssion of soft x-ray and 
extreme ultraviolet (EUV) radiation. This 
Drocess is efficient and often used as a diag- 
nostic tool to monitor 10147-atomic number 
(2) elements in laboratory plasmas (5). 

Using a three-dimensional (3D) single- 
fluid magnetohydrodynamic (MHD) model 
of colnetary plasma environments (6) we 
calculated the solar wind velocity and 
streamlines in the coma. The model uses 
conservation of mass, momentum, and en- 
ergy, as well as the Induction equation to 
compute the plasma mass density, floiv, and 
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