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We present new 1.4- to 2.5-um geometric albedo spectra of
Charon taken with HST/NICMOS in 1998. These new data provide
global coverage of the surface with four spectra at evenly spaced
longitudes. The surface of Charon is seen to be globally dominated
by H,O ice. The data indicate that the ice is in the crystalline phase
at a temperature consistent with its heliocentric distance. The spec-
trum of Charon has only weak variations with longitude. There is an
indication of a slightly stronger H,O ice absorption on the leading
hemisphere. No variations in the spectrum are seen in response to
differing solar phase angles. From model fits there is no indication
of any of the volatile species that are seen on Pluto, i.e., CO, CHy, or
N;. There is spectroscopic evidence for a contaminant with an ab-
sorption coefficient which increases with wavelength past ~2 pum.
This contaminant is unidentified but is similar to what is seen on
other icy satellites in the outer Solar System. We also present a
standard spectrophotometric model for Charon that can be used to
subtract Charon light from ground-based spectra of the combined
Pluto—Charon system. @ 2000 Academic Press )
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1. INTRODUCTION

The study of Pluto in the past 2 decades has revealed a com-
plex and compelling planetary body. This progress in under-
standing was aided in no small way by the mere presence of its
only known satellite, Charon. For all the intricacy and difficulty
of observing and modeling Pluto, very little attention has been
paid to understanding Charon. This situation isn’t one of neglect
but a consequence of the extreme observing difficulties in mea-
suring properties of a satellite that is always within 1 arcsec of
its primary.

All of the major natural satellites in the Solar System have
proved to be extremely important in furthering our understand-
ing of the processes of Solar System formation and evolution. In
particular, the icy satellites in the outer Solar System exhibit a
wide variety of surfaces, interior structure, and varied cratering
(or collision) records. There are three principal processes that
contribute to the current assemblage of satellites: (1) capture that
leaves the new satellite largely untouched (e.g., Phobos, Deimos,
jovian irregular satellites), (2) impact capture that involves a sub-
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stantial alteration of the satellite during the impact process (e.g.,
the Moon and Triton), and (3) in situ accretion (e.g., Galilean
satellites, regular saturnian and uranian satellites).

The formation of Charon is most widely believed to be a re-
sult of the impact capture process (e.g., McKinnon 1984, Stren
et al. 1997). This conjecture makes the study of the formation
of Pluto and Charon particularly relevant to the understanding
of the Earth—-Moon system and might predict important differ-
ences between Charon and icy satellites which formed via other
mechanisms. However, from the standpoint of size, albedo, den-
sity, and surface composition, Charon seems most similar to the
principal uranian satellites, which, like the regular satellites of
other gas giant planets, are presumed to have accreted in situ
(e.g., Stevenson et al. 1986). This formation mode involves a
secondary nebular accretion zone that is modified in tempera-
ture, pressure, and thus composition by the gravitational influ-
ence of the primary body (e.g., Prinn and Fegley 1981, Lunine
and Tittemore 1993). One might expect this process to be de-
pendent on the mass of the primary, producing a trend whereby
the smaller the primary, the less its satellites differ composi-
tionally and structurally from objects that form directly in the
primary solar nebula. If so, then Charon lies at the extreme end
of a continuum extending from jovian through uranian satel-
lites. It remains to be determined whether the similarities be-
tween Charon and the uranian satellites are a fortuitous coin-
cidence or if there is some “genetic” similarity that is not yet
understood.

In two fundamental ways, Charon is an end-member satellite
in the Solar System. It and Pluto are the closest in size of any
planet—satellite pair. It is also the satellite of the smallest planet.
In this specific context we use the term planet as an indicator
of differentiation. It remains to be seen whether Charon itself
is differentiated. The presence or absence of a strong water ice
spectral signature from the surface may well be an indicator of
differentiation for icy satellites. Charon may also be relevant
as a tie-in to the population of trans-neptunian objects. Of the
objects known to date, Charon is at the largest end of the popu-
lation and may not be as unusual in the trans-neptunian region
as is Pluto. We have yet to discern whether Charon is unique
among the trans-neptunian objects based on its surface compo-
sition, albedo, or interior structure. It may be that its origin and
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present appearance are caused by the binary formation of the
Pluto—Charon system. Many, if not all, of these questions will
still remain after this paper but the importance of understanding
Charon itself is clear.

Prior to the launch of the Hubble Space Telescope (HST),
measurements of Charon were possible only in conjunction with
the mutual event season in the late 1980s. Total eclipses or oc-
cultations of Charon by Pluto were extremely useful. From these
events, the size of Charon was determined (cf., Tholen and Buie
1997) along with the optical albedo and color (Binzel 1988,
Reinsch er al. 1994) and optical (Fink and DiSanti 1988) and
near-IR spectra (Marcialis ef al. 1987, Buie et al. 1987). The op-
tical albedo and spectrum shows a bright and neutrally colored
surface, although its albedo must drop off into the UV since the
B-V color shows that the B reflectance is dropping off slightly.
Some observations were tried from the ground without the aid
of the mutual events in an attempt to extend the mutual event
results to other longitudes on Charon’s surface. These observa-
tions were very difficult and did not yield tremendously useful
results (Bosh et al. 1992, Buie and Shriver 1994).

The Hubble Space Telescope provided a new and powerful
tool for making direct measurements of Charon. Even before
the optical repair mission, its enhanced spatial resolution al-
lowed the first measurement of the optical lightcurve and global
optical colors of Charon (Buie et al. 1997). These results indi-
cated a very low-amplitude lightcurve and thus a small amount
of global contrast on the surface and a constant B-V color with
longitude. Additionally, the HST photometric results provided a
measurement of the phase function of Charon which was quite
different from that of Pluto. This phase function is extremely
important for the analysis of our new data and will be discussed
again in Sections 3.8 and 5.1.

The gap between ground-based observatories and HST has
been closing in recent years. With greater attention to achieving
the best possible seeing, some direct imaging observations now
compete with HST. The bulk density of Charon has been mea-
sured both from HST and from the ground, showing that Charon
has a lower density than Pluto (Null e al. 1993, Young et al.
1994, Null and Owen 1996). Even newer techniques based on
adaptive optics on the largest telescopes are also being turned
toward imaging, photometric, and spectroscopic investigations.

Regardless of the promise of adaptive optics, HST has two
primary advantages that we exploited in the current work. Cou-
pled with the high spatial resolution, the point-spread function
(PSF) on HST is extremely stable when compared with ground-
based observations. Also, HST is above all the components in
the earth’s atmosphere that blot out interesting spectral regions.
With the addition of the NICMOS instrument to HST, we had an
opportunity to make separate spectral observations of Pluto and
Charon at wavelengths where both objects are spectrally active.
The diffraction limit of HST is sufficient to separate the light of
Charon from Pluto but not without non-trivial overlap. However,
owing to the stable PSF on HST it is possible to remove the cross-
Contamination and obtain individual measurements on both.
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In addition to the benefit of the new measurements to the study
of Charon, we also hoped to make observations of sufficient
quality that they could be used to enhance future ground-based
observations. Obtaining time on HST or a ground-based facility
capable of splitting Pluto and Charon will be extremely difficult
for some time to come. Most ground-based observations will
still be forced to measure both Pluto and Charon together. The
separate photometric observations of Buie er al. (1997) already
provide a means for removing Charon from optical photometry.
These new NICMOS observations provide the same ability to
remove Charon from near-IR spectra of Pluto. This information
will improve future efforts of long-term monitoring, measure-
ments of seasonal effects, and support of the planned mission to
the Pluto—Charon system. We also hope that our observations
will help establish Charon as one of two targets that must be
observed by a spacecraft mission rather than as an add-on to a
pure Pluto-based mission.

In this paper we describe our efforts to collect and interpret
1.4- to 2.5-pm spectra of Charon with NICMOS on HST. There
were considerable challenges in the successful processing of
the data but we have succeeded in obtaining new, high-quality
albedo spectra that cover all longitudes of Charon. We will dis-
cuss the observational strategy in Section 2, the details of our data
processing system in Section 3, and direct (Section 4) and indi-
rect (Section 5) results from our new spectra. Substantial details
are provided on our data reduction techniques since other HST/
NICMOS observations will benefit from what we have learned.

2. OBSERVATIONS

The NICMOS instrument on HST provides the capability for
dispersed light observations using a grism. The instrument de-
sign was optimized for obtaining observations of multiple ob-
jects in a single image and thus does not use an entrance slit.
Therefore, all objects in the field of view are seen simultane-
ously and appear in the image in zeroth, first, and second order.
The instrument is optimized for throughput in the first order and
thus our reductions are concerned with this order.

All grism observations are done with the NIC3 camera for
which three grisms are available: G091, G141, and G206 with
central wavelengths of 0.91, 1.41, and 2.06 um. It was noticed
sometime after NICMOS was installed on HST that the NIC3
camera could not be brought into focus simultaneously with the
NIC1, NIC2, and the other HST focal plane instruments. As are-
sult, two “‘campaigns” were scheduled where for an entire week
the HST secondary mirror position was adjusted to compensate
for the lack of focus range on the NIC3 camera. These cam-
paigns were scheduled for January and June 1998. During the
campaigns, NIC3 observations were diffraction limited. Qutside
the campaigns, observations with NIC3 suffered from broadened
PSFs. However, as the cryogens in the instrument were gradually
depleted, the focus of NIC3 improved over time. By the time of
the second campaign in June 1998, the out-of-Campaign focus
was nearly identical to that achieved during the campaign.
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Observations of the Pluto—Charon system required special at-
tention to the orientation of Pluto and Charon on the detector. Op-
timally, the spacecraft must be rotated to place Charon in a direc-
tion orthogonal to the spectral dispersion. This angle varies con-
tinuously due to the orbital motion of Charon around Pluto. To
achieve the best Pluto—Charon separation it was necessary to re-
quire a rather specific roll angle (on the plane-of-the-sky). How-
ever, there are significant restrictions on permissible roll angles
that depend on the target location and the object’s solar elonga-
tion. Our observing plan required a roll angle that would ensure
that the Pluto—Charon separation would be >90% of the possible
separation. This roll angle constraint combined with the focus
campaign schedule was nearly a null set so we were forced to
accept observations out of campaign. Predictions for the camera
behavior indicated that the PSF would not compromise our ob-
servations nearly as badly as accepting a non-optimal roll angle.

Our observations covered four distinct sub-Earth longitudes
as summarized in Table I. All observations for a single longitude
took place within a single orbit of HST (henceforth referred to
as a visit), To maximize the signal-to-noise ratio of the observa-
tions, we chose to concentrate our efforts on the most diagnostic
wavelength region provided by a single grism, i.e., the G206
grism. We chose to make our observations at four evenly spaced
longitudes that would permit sufficient separation at each time.
The table shows the mid-time of each visit along with the so-
lar phase angle (g), sub-Earth longitudes on Pluto and Charon
(in degrees), sub-solar latitude on Pluto and Charon, and the
Charon-Pluto offset in pixels. Note that the x direction is closely
aligned with the dispersion direction and the y direction with the
spatial direction. Any offset in the x direction is wasted separa-
tion. The FWHM of the PSF was just under two pixels for all
observations. The out-of-campaign observations in March 1998
(visits 1 and 3) had a somewhat broader FWHM (~10% wider)
than that provided for in-campaign observations but did not ad-
versely affect the data. Visit 2 was taken during a NIC3 focus
campaign but the FWHM from visit 4, just out of campaign, is
identical.

The 0.2 arcsec/pixel scale of the NIC3 camera does not quite
resolve the PSF at 2 um. We were concerned that the under-
sampled PSF might present some difficulty during data reduc-
tions. As a result, we devised a dithering strategy that could
provide ample sub-sampling of the grism image. Our strategy

TABLE1
Summary of Observations

Sub-Earth Ch--P1

L. Lon. offset
Visit ur g -  La.

number date (°)  Pluto  Charon ©) Ax Ay

1 1998/03/17.8  1.80 50 230 21.2 1.66 3.37
2 1998/06/07.3  0.53 128 318 21.7 —0.98 3.08
3 1998/03/27.5 1.68 223 43 213 —146 -3.17
4 1998/05/28.8 0.42 311 131 21.6 0.04 -3.54
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FIG.1. Dithering pattern for the Pluto and Charon observations. The points
labeled with numbers show the total absolute dither spacing for all 11 dithered
images relative to the position of the first image. The smaller grid of points
shows the fractional pixel dithering achieved by our pattern. Each cluster of
points (either open or filled) shows a unit pixel with the fractional position of
the dither. For our pattern, 12 positions would have fully filled the unit pixel.
The missing position could not be collected in the time available during a single
orbit.

combined three separate motions, dithering of a few pixels in
the spectral direction, a larger dither in the spatial direction, and
a combined fractional pixel dither pattern. The pattern we used
is shown in Fig. 1. The fractional portion of the dither pattern
provided an evenly spaced, 2-dimensional grid over a single de-
tector as shown in the unit pixel map. The spectral dither (x)
was just large enough that any repeatable pixel pattern would
be offset by slightly more than a FWHM. The spatial dither (y)
was large enough so that the objects moved by many times the
FWHM amount to ensure that an accurate sky subtraction could
be achieved. Our exposure times (192 s per frame) were long
enough that we could only obtain 11 of the 12 dither positions
during a single visit. All observations were obtained under fine-
lock guiding providing pointing and tracking precision much
better than the pixel scale.

3. REDUCTION OF NICMOS GRISM DATA

The extraction of spectra from the grism images presented sig-
nificant data processing challenges. Numerous systematic errors
were encountered at all stages of the processing. Throughout all
steps, we relied on the requirement that the 11 spectra at a given
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longitude should be consistent within the uncertainties of the ex-
tracted spectra. Large differences were always seen to arise from
some type of systematic error. We developed our own IDL-based
extraction software for the extraction of spectra from the grism
images. The following sub-sections detail the various steps and
algorithms contained within our software.

3.1. Background Subtraction

AlINICMOS images suffer from some degree of accumulated
dark current and background signal. The dark current is similar
to levels seen in detectors from ground-based instruments while
the background signal is much smaller and less variable that
seen from the ground. However, we still use techniques com-
mon for ground-based infrared observations. Most commonly,
IR images are pair-wise subtracted with the object of interest
offset to distinct regions of the detector. The difference between
the two images cancels most of the sky signal leaving a positive
and negative image of all non-sky, non-dark flux sources in the
image. Alternatively, one can average multiple dither images to
create a higher signal-to-noise ratio image of pure sky. For our
Pluto—Charon observations we used four image subsets where
the object images were not duplicated, e.g., dither positions 1, 2,
7, and 8 shown in Fig. 1. Combining these subsets yielded a sky
image which was then subtracted from each individual image in
that subset. The data taken on the comparison star were not as
well dithered, so we had to use simple image pairs. All of the re-
maining steps deal with processing these sky-subtracted images.

3.2. PSF

Our observations were background noise limited where the
noise arises from a combination of sky signal, dark current, and
readout noise. In this noise regime, considerable improvements
in the signal-to-noise ratio of the extracted spectra are achieved
with an optimal extraction technique described by Horne (1986).
The key to the optimal extraction is having an accurate point-
spread function. The NIC3 camera PSF is not well represented
by any simple analytic function. Also, the width of the PSF was
a function of time as the instrument slowly warmed. Therefore,
we constructed discretely sampled numerical profiles from the
grism images of the objects themselves.

Constructing a numerical PSF is not as straightforward as
taking a single cut across the spectrum. Instead, the PSF must
be constructed from all the profiles at all wavelengths to ensure
a sufficiently high signal-to-noise ratio in the profile. Contrary
to our expectations, the PSF did not appear to vary with wave-
length in any of the grisms. Therefore we treated all wavelengths
equally when constructing the PSF. Each column (wavelength)
thus provides one such sampling of the PSF relative to the spec-
trum centerline. Once normalized by the total object flux at that
wavelength, the individual profiles can be stacked. The discrete
points in all the stacked profiles must be smoothed to reveal the
actual profile. We constructed a smooth curve by using a locally
weighted scatterplot smoothing routine (LOWESS) as described
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by Cleveland (1979). The LOWESS routine uses a local weight-
ing function around each point in the smoothed curve. We use
a triangular weighting function that is unity at the output point
and tapers to 0.1 at the edge. The half-width of the weighting
function was set to 0.5 pixels. We fit a third-order polynomial
using the data values and their associated weighting function.
The output smoothed point is the value of this polynomial at the
location of the output point. This process is repeated for every
output point desired in the smoothed profile. We chose to create
the numerical profile at 0.1 pixel grid spacing. In this process
there are numerous bad pixels in the phased profile so we actu-
ally find the smoothed PSF from applying the LOWESS filter
twice. Between the two passes any points that deviate unusually
from the smoothed curve are omitted. This procedure produces
an exceptionally robust numerical representation of the PSF in
each image. Some example PSFs are shown in Fig. 2. The profile
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FIG. 2. Spatial profile from sample NICMOS grism images. In all cases,
the dots represent intensity samples of the PSF from a single pixel (after suit-
able scaling). The bottom plot shows a phased spatial profile of calibration star
P330E taken during a NIC3 focus campaign. The solid curve shows the smooth
numerical profile obtained from the discrete profile. The middle plot shows a
phased spatial profile of Pluto after the effects of Charon have been removed.
The shaded region indicates the variable amount of flux that Charon contributes
in the vicinity of Pluto. The amount contributed depends on the wavelength. The
top curve shows the phased spatial profile of Charon after Pluto has been sub-
tracted. The overlain curve is the Pluto curve shifted to match Charon’s position.
All profiles are shown such that the area of each profile integrates to unity.
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at the bottom for P330E shows a simple example of a phased
spatial profile and its smoothed representation for a single point
source. The more complicated case for extracting a PSF from a
two-source image will be discussed later in Section 3.7.

The extraction of the profile depends both on the location of
the spectrum and on the spectrum itself. Fortunately, the extrac-
tion process converges well. A simple estimate of the centerline
and the spectrum can be used to get a first approximation of the
PSF. This PSF can then be used to better determine the centerline
and spectrum. This process is iterated until the PSF, spectrum,
and centerline cease to change by meaningful amounts.

3.3. Flat Fielding

The NIC3 camera has substantial low-frequency sensitivity
variations across the image. This pattern is also quite dependent
on the wavelength of illumination. However, the construction of
a flat field for a slit-less spectroscopic image is non-trivial. To
flat field the grism images we first constructed a virtual flat field
based on all the narrowband imaging flat fields. The NICMOS
filter set has quite a few filters over the wavelength range of
the G206 grism but the coverage is quite limited for shorter
wavelengths. For each pixel in the array, we fit a polynomial
to the set of all flat field values as a function of wavelength.
We investigated polynomials from order 1 through 5. Linear
and quadratic fits were clearly unable to follow the variations.
Benefits are noticeable up to order 4 and thus we chose fourth-
order polynomials to construct the virtual flat. From the set of
polynomials we could then compute a sensitivity for any pixel
at any wavelength,

The final step of flat fielding comes from computing the wave-
length of illumination at each pixel. Each pixel’s polynomial
was evaluated for its illuminating wavelength. The final set of
numbers was then divided into the image to apply the flat field.
The wavelength calculation assumes that a column is precisely
monochromatic. This is an excellent approximation for the ob-
ject itself. However, it is not particularly good for any residual
sky signal since it comes from the entire grism bandpass and is
not monochromatic. However, the image being processed comes
from a pair-wise subtraction or subtracting the sky flux directly
and the remaining sky signal is extremely small (typically 0.25
DN). Any errors caused in flat fielding the sky will be very small
and will only distort the sky flux. Whatever sky remains will be
taken out by other means in later processing steps.

3.4. Spectrum Centerline

Normally, finding the centerline of a spectral image is a sim-
ple process. However, we found some rather strong instrumental
effects in the apparent centerline that were caused by an inter-
action between the detector array and the object PSF. The cen-
terline of the spectrum is slightly inclined relative to the rows of
the detector. This tilt causes the spectrum to drift slowly across
two to four rows from one end to the other. The extracted cen-
terline of the spectrum (whether done by finding the brightest
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pixel, taking a simple 1-d centroid, or computing an optimally
extracted position) shows significant deviations from a simple
straight line. On average, the centerline is linear but there are
oscillating deviations relative to this average line.

Asnoted earlier, the PSF is slightly under-sampled in the G206
grism data. This under-sampling is responsible for the deviations
in the centerline in two different ways. An under-sampled im-
age becomes much more sensitive to the spatial distribution of
quantum efficiency within each pixel. This effect is known as
the pixel response function (PRF). The PRF has been measured
in detail on a few optical CCDs (e.g., Kavaldjiev and Ninkov
1998) and reveals a very complex sub-pixel structure caused by
the embedded detector electronics. There has been no analogous
measurement on the arrays present in NICMOS so we are forced
to attempt to deduce the PRF from our data. This effect should
be a constant of the detector and thus applies in the same way
regardless of the focus or PSF history. This effect is present in
our data but is not the dominant cause for the centerline oscil-
lations. We will return to a discussion of the PRF correction in
Section 3.5.

A second effect is due entirely to the under-sampling of the
image and causes an apparent shift of the centerline that is not
real. Unlike the PREF, this effect does not have any impact on the
extracted flux except for its confusing effect on determining the
spectral centerline. To understand this effect, consider a spec-
trum formed from a §-function PSF. In this case, all the light
from the object at a single wavelength would fall completely
within a single pixel. As the spectrum centerline slowly crosses
a row, the position will not appear to change until the centerline
crosses into the next row. Of course, the true centerline in this
case is a smoothly varying function of column but it will appear
from the image that the centerline looks more like a stair step.
The degree to which the stair step is seen will depend on the size
of the PSF and thus the effect is strongest at shorter wavelengths
(e.g., grism GO91).

To obtain an accurate centerline we had to use the following
procedure. (1) Fit a first-order polynomial to the object position
ateach column. (2) Subtract the polynomial fit from the positions
creating the first position residual. (3) Compute the fractional
row position of the polynomial at each column. (4) Fit a two-
term Fourier series to the first position residual as a function
of the fractional row position. (5) Subtract the Fourier series fit
from the original object positions creating the second position
residual. (6) Fit a first-order polynomial to the second position
residual as a function of column. This final fitted line is now taken
to be the actual centerline of the spectrum for later extractions.
Note that this centerline is mildly dependent on the PSF and the
spectrum so that the centerline position needs to be iterated with
the PSF and spectrum extraction.

3.5. Pixel Response Function

The pixel response function is a term used to refer to the
variation in sensitivity across a single pixel. Most array detectors




































