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ABSTRACT

Context. One of the main scientific objectives of NASA’s New Horizons mission is to map the icy surface compositions of Pluto and
its moon Charon. The encounter will be in 2015. Meanwhile remote observations from earth and space are the most suitable means
to enhance further our knowledge of the Pluto/Charon system.

Aims. We intend to assist the New Horizons mission by improving our knowledge of Pluto’s and Charon’s surface compositions.
Specifically, we extend the wavelength coverage of the surface spectroscopy beyond the K band, with the goal to detect further
surface ice absorption bands predicted from the models that are based on the available JHK spectra, and to search for signatures of
yet unknown ices. In particular we aim to resolve the binary system Pluto/Charon and to obtain, for the first time, spectra up to 5 um
of the two objects resolved.

Methods. Spectroscopic measurements of Pluto/Charon taken with the adaptive optics instrument NACO at the ESO VLT in the
interval 3—7 August 2005 were obtained. The nature and properties of the compounds present on the surface of Pluto and Charon are
investigated by applying a Hapke radiative transfer model to the measured spectra.

Results. We present Pluto’s reflectance spectrum in the wavelength range (1-5) um. Apart from known and expected absorption bands
of methane ice, our Pluto spectrum reveals a new absorption band centered near 4.6 um, not previously detected. This absorption band
could be related to the presence of CO and nitriles (compounds of C and N connected with a triple bond). A geographic mixture of
pure methane ice with two different grain sizes, methane and CO ice diluted in nitrogen, CH,CHCN and titan tholin gives the best fit
to Pluto’s spectrum, although not in all details. Differences compared to published Pluto spectra from 2001 taken at similar longitude
could be due to a different surface coverage in latitude or to a possible resurfacing process on Pluto. Charon’s spectrum is measured in
the wavelength range (1-4) um. The surface of Charon can be modeled by pure water ice darkened by a spectrally neutral continuum

absorber.

Key words. Kuiper Belt — techniques: spectroscopic — methods: numerical — scattering

1. Introduction

Beyond the orbit of Neptune there exists a population of bodies
that is a remnant from the formation of the Solar System; this is
called the Kuiper belt, or the Trans-neptunian objects (TNOs).
Scientific interest in these bodies arises because they are con-
sidered representatives of the most pristine Solar System objects
observable from Earth. Improving the knowledge of these distant
bodies extends the understanding of the origin and evolution of
the Solar System.

Pluto, now considered a dwarf planet, plays a key role
in the study of Kuiper Belt objects (KBOs). It is the name-
giving representative of the Plutino population in the Kuiper Belt
(TNOs in 2:3 mean motion resonance with Neptune) and the first

example of what are now known to be abundant binary and mul-
tiple systems in the Kuiper Belt. In terms of surface composi-
tion, Pluto appears to be the most prominent representative of the
large (r * 750 km) KBOs like Eris (Brown et al. 2005; Licandro
et al. 2006a; Dumas et al. 2007; Merlin et al. 2007), 2005 FY9
[newly named Makemake] (Licandro et al. 2006b; Brown et al.
2007; Tegler et al. 2007, 2008), Sedna (Barucci et al. 2005) and
Triton (Quirico et al. 1999), which is generally thought to be a
large TNO captured by Neptune. Like Pluto (Owen et al. 1993;
Douté et al. 1999), these objects have infrared spectra dominated
by CH,4 ice absorptions. Wavelength shifts of these absorption
bands relative to those of pure CHy4 ice, detected in the infrared
and/or visible spectra, suggest that part of the CHy4 on the surface
is dissolved in another ice. Much of what we understand of the
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Table 1. Observing geometry of the Pluto-Charon system for our VLT/NACO measurements in August 2005. The UT time corresponding to the
first (UT ) and last (UT,,q) Pluto/Charon spectrum is reported. « is the Sun-(Pluto-Charon) barycenter-Earth (phase) angle. Ob-lon and Ob-lat
are the apparent planetographic longitude and latitude of the center of Pluto’s disk seen by the observer. In particular the apparent planetographic
longitude of the first and last Pluto spectrum acquired in the same night are given. Light travel-time target-observer is taken into account. AM is
the airmass interval between the first and last Pluto spectrum acquired in the same night. PA and PARANG are position angle and parallactic angle,
respectively. The table lists the interval between the values of PA and PARANG of the first and last Pluto spectrum acquired in the same night.

UTan UTeng a Ob-lon Ob-lat AM PA PARANG  seeing

(deg) (deg) (deg) (deg) (deg) (@)
2005 August 04 02:07 2005 August 04 05:55  1.44 7+16 -34 1.03+2.44  173+-173 131+111  0.8-2.2
2005 August 04 23:40 2005 August 05 04:55  1.46 58+70 -34 1.09+-1.66 -129+-121 -117+110 0.6-1.2
2005 August 05 23:46 2005 August 06 05:46  1.48  114+128 -34 1.07+2.43 -94+-85 -120+111  0.5-1.2
2005 August 06 23:28 2005 August 07 05:54 1.50  170+185 -34 1.10+2.70 -37+-11 -116=+111  0.6-1.0

physical constitution, composition and evolution of the objects
in the Kuiper Belt is put into context by Earth-based studies of
Pluto, since it is one of the few objects bright enough for detailed
measurements.

In 2006, NASA launched its New Horizons spacecraft to
Pluto and its moons, the first probe ever targeting a dwarf planet
in the outer Solar System. One of the main scientific objectives
of NASA’s New Horizons mission is to map the icy surface com-
position of Pluto and Charon and to assess and analyse the likely
temporary atmosphere of the dwarf planet, an enigmatic phe-
nomenon not yet found in other TNOs. The encounter will be in
2015. Meanwhile remote observations from earth and space are
the most suitable means to further enhance our knowledge of the
Pluto/Charon system.

In the past, the L- and M-band regions were notoriously
under-exploited for outer Solar System studies, because of the
low reflectivities of Solar System materials coupled with the
weak solar flux, complications due to strong telluric absorptions
and a lack of adequate instrumentation. However, longer wave-
lengths offer several potential advantages since the fundamental
vibrational transitions of many ice species are located in this re-
gion and the absorptions are much stronger than the those ob-
served shortward of 2.5 um. The importance of L- and M-band
spectroscopy derives also from the fact that New Horizons in-
struments will perform spectroscopy of Pluto’s surface in the
JHK bands only. Hence, the observations presented in this paper
will complement the information coming from New Horizons.
The first attempt to investigate Pluto’s L-band was done by
Spencer et al. (1990) and then revisited by Grundy et al. (2002a)
and by Olkin et al. (2007). While Charon’s spectrum was never
measured beyond 2.5 um, Olkin et al. (2007) combined spectra
of the unresolved Pluto-Charon system obtained from the Keck
and Subaru telescopes from 2.8 to 4.2 um with 0.8-2.4 um spec-
tra from the NASA Infrared Telescope Facility, and proposed
as a possible surface scenario for Pluto a geographic mixture of
pure CHy, CHy diluted in N, and tholin. This result was obtained
after modeling and removing the contribution of Charon from
the measured reflectance spectra. Since there are no measured
Charon-only spectra beyond 2.5 um, it was assumed for the
model spectra that were used instead, that the same H,O ice and
spectrally neutral continuum absorber that dominates Charon’s
spectrum at shorter wavelengths (Buie & Grundy 2000) is dom-
inant beyond 3 um as well.

In this paper we present results from spectroscopic obser-
vations of the Pluto-Charon system performed at the European
Southern Observatory (ESO) Chile, covering the wavelength
range (1-5) um for Pluto and (1-4) um for Charon. The com-
positions, properties and distribution of the ices present on the
surface of Pluto and its moon Charon are investigated using the
radiative transfer model of Hapke.

Fig. 1. Median averaged slit acquisition image of Pluto (on the left in
the image) and Charon (on the right in the image) in the night 4 August
2005. The NACO slit is indicated in the figure by two horizontal white
lines.

2. Observations and data reduction

We present spectroscopic measurements of Pluto/Charon
obtained with the NACO instrument at the ESO VLT
during the interval 3-7 August 2005. NACO (see
www.eso.org/instruments/naco/), at the VLT Unit Telescope
4 (Yepun), consists of the Nasmyth Adaptive Optics System
(NAOS; AO for adaptive optics) and the High Resolution
infrared (IR) Camera and Spectrometer (CONICA). The AO
system resolved Pluto-Charon and enabled us to benefit from
considerable signal to noise improvements for the spectroscopy.
Using the NACO prism L27_P1 we covered the complete
wavelength range (1-5) ym simultaneously with a spectral
resolution of 35 in J band and 200 in M band. The observational
circumstances are listed in Table 1.

The Pluto-Charon binary was used as a reference source for
the visible AO sensor of NACO. The slit (width 172 mas) was
set along the orbital position angle of the system, in order to
acquire Pluto and Charon simultaneously (see Fig. 1). The slit
acquisition was performed in K-band and a suitable offset cor-
rection, depending on the zenith distance, was applied in order
to achieve the optimum slit centering of the objects for L and
M bands. This approach slightly sacrificed the JHK signal of
the objects, at least for higher airmasses, because of slit losses
due to differential atmospheric refraction. The observations were
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Fig. 2. Bidimensional spectrum of Pluto/Charon system acquired in the
night 5 August 2005 at airmass 1.60. In the image, Pluto is on the left,
Charon on the right and the wavelength bands are indicated along the y
axis.

performed using the usual A-B-B-A nodding (with some jitter)
along the slit. Spectra of the nearby solar analog star HD 162341
(G2/G3V), recorded approximately every 1.5 h, were obtained
in order to remove simultaneously both the telluric and solar
features from the Pluto and Charon spectra. In this way each
Pluto-Charon observation had an associated set of “before” and
“after” calibration star observations acquired under similar sky
conditions and for identical instrument and AO settings.
Besides the usual data reduction for IR spectroscopy (back-
ground subtraction, flat fielding, ABBA spectra co-addition, re-
moving telluric and solar features), special attention was paid to
wavelength calibration and spectrum curvature removal of the
NACO data. The former was difficult since arc lamp spectra are
not available to calibrate the strongly non-linear dispersion of
the prism. Indeed, at long wavelengths there are no visible arc
lines, while at short wavelengths the lines are severely blended.
Hence, atmospheric emission and absorption features were used
as wavelength reference. The spectrum curvature results from
differential atmospheric refraction (see Fig. 2) over the large
wavelength range, and was corrected by pixel shifts of the
spectra applying the atmospheric refraction formula (Szokoly
2005). Thereafter, we used optimum extraction of the spectra
to improve the signal-to-noise ratio over the aperture extraction
(Horne 1986). Finally, the spectra acquired in the second and last
nights of observations were averaged, due to their better qual-
ity, especially in the L- and M-bands, compared to those of the
other two nights (see Table 1). Indeed, the spectroscopic mea-
surements acquired in the first night of observations suffer from
bad seeing conditions, with seeing up to 2.2” (see Table 1), and
operational problems. Most of the observations obtained in the
third night are affected by electronic noise in the L- and M-range
of the detector. In particular, groups of spectra for each target

1.0

0.8 CH, I

Vi+V,

N CH,
i

CH, I
2v,

0.6

0.4

o
S
o
e
[
.0
bl
=]
3]
S
o
o)
(©]

0.2

0.0w\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

3 4
Wavelength (um)

—_
N
o

Fig. 3. Pluto’s spectrum in the wavelength range (1-5) um. The species
responsible for the absorption bands detected in Pluto’s spectrum are
marked in the figure. No object flux is measured in the atmospheric
absorption bands at 2.50-2.86 and 4.10—4.46 um.

object were combined, eliminating spurious data arising from
defects in individual exposures. In order to minimize light losses
in the short wavelength region (due to atmospheric refraction),
we obtained the final spectra of Pluto and Charon by averaging
the JHK spectra obtained at low values of airmass (AM < 1.23).
In the L- and M-bands we averaged all of the useful spectra
taken up to a maximum airmass of 2.47 in the L-band and 1.25
in M-band. The extracted spectra were normalized using pub-
lished values for the geometric albedo at fixed wavelengths.
Specifically, Pluto’s spectrum was normalized in the wavelength
range (1.9-2.1) um to 0.57, a value extracted from the Pluto
IRTF spectrum of Olkin et al. (2007). The IRTF spectrum was
scaled to the HST/NICMOS spectrum of Pluto (Grundy & Buie
2002). Using this normalization, the averaged L- and M-band
geometric albedo of Pluto are in agreement with Spitzer results
(Emery, private communication). Charon was normalized in the
range (2.2-2.3) um to 0.31, according to the HST/NICMOS
Charon’s spectrum by Buie & Grundy (2000). The spectra were
binned using a wavelength step 64 = 0.005 um. In Figs. 3
and 4 we present the NACO reflectance spectra obtained for
Pluto and Charon, respectively. In the wavelength range (1.0—
2.5) um the standard deviation (STD) of Pluto’s and Charon’s
spectra is around 0.04 and 0.01 respectively, while it increases
in the range 1.80—1.95 um due to the presence of strong lines of
telluric H,O. In the L band, from 3.1 to 4.0 um, the STD is about
0.05 for Pluto and 0.09 for Charon. These values increase at the
atmospheric band edges due to the strong telluric absorptions. In
the M band, between 4.6 and 4.7 um the STD of Pluto has values
around 0.15, much smaller than at the edges of the band.

3. Spectroscopic analysis

In this section we present a qualitative description of the Pluto
and Charon spectra, focusing attention on both the known com-
pounds and unknown features. The quantitative analysis of the
spectra will be described in the subsequent section.

3.1. Pluto

Published spectra of Pluto in the wavelength range (1.0-4.2) um
have established the presence of CHy ice on Pluto’s surface,
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Fig. 4. Charon’s spectrum in the wavelength range (1.0-4.1) um. No
object flux is measured in the atmospheric absorption bands at 2.5—
3.0 um. The species responsible for the absorption bands detected in
Charon’s spectrum are marked in the figure.

identified first by Cruikshank et al. (1976). This is confirmed
by our NACO results. Indeed, in the wavelength range (1.0—
2.5) um the spectrum is dominated by prominent CH, features
at 1.16, 1.40, 1.67, 1.79, 2.20 and 2.32 um (Fig. 3). Also the
L-band spectrum (2.9-4.1) um is characterized by CH4 absorp-
tion bands around 3.30, 3.55 and 3.80 um corresponding to v3,
vo+v4 and 2v, vibrational transitions (Grundy et al. 2002a; Olkin
et al. 2007). Because of the low spectral resolution of the NACO
prism, it is not possible to detect the CO ice absorption bands at
1.579 and 2.354 um (Owen et al. 1993; Douté et al. 1999) and
the N, feature at 2.149 um first seen by Owen et al. (1993). The
low spectral resolution in the JHK bands does not allow differ-
entiation between pure CHs and CHy4 diluted in N,, which can
be distinguished spectroscopically by a small shift in the peak
frequencies of the bands (Quirico & Schmitt 1997), as first seen
in the spectrum of Triton (Cruikshank et al. 1993). From labora-
tory measurements by Quirico & Schmitt (1997) of CHy diluted
in 8 N, at 44 K compared with those of pure CHy at 43.5 K,
this shift varies, in the wavelength range (1-2.5) um, from 0.003
to 0.005 um. A shift of this magnitude is smaller than or com-
parable to the wavelength bin (selected to match the minimum
resolution of the prism), so it is undistinguishable in the data.
Our NACO spectrum reveals the presence of a previously
unknown and thus unidentified absorption band around 4.6 um,
indicated by a question mark in Fig. 3. This absorption, a first
detection at the limit of the instrumental capability that must be
confirmed by further observations, could be related to the pres-
ence of CO ice on Pluto’s surface. Indeed, CO ice displays an
absorption band around 4.67 yum (Palumbo & Strazzulla 1993)
in laboratory spectra. Also, CO ice is known to be present on
the surface of the dwarf planet from the short wavelength region
(Douté et al. 1999; Owen et al. 1993), with highest abundance
on the anti-Charon hemisphere (Grundy & Buie 2001). Another
possible explanation for the 4.6 um feature is the presence of ni-
triles on Pluto. Nitriles are organic compounds characterized by
a triple bond connecting carbon and nitrogen. They are predicted
to precipitate to the surface in photochemical models of Pluto’s
atmosphere (Krasnopolsky & Cruikshank 1999). The nitrile
band near 4.6 um varies somewhat in position, depending on the
environment in which the molecule occurs and the other atom
or functional groups attached to the C-atom on the side opposite

S. Protopapa et al.: Surface characterization of Pluto and Charon by L and M band spectra

the N-atom (Cruikshank et al. 1991). Several nitriles, in pure
form, have been studied in laboratory (dello Russo & Khanna
1996; Masterson & Khanna 1990) like acetonitrile (CH3CN),
propionitrile (CH3;CH,CN), acrylonitrile (CH,CHCN), hydro-
gen cyanide (HCN), cyanogen (C,;N>), cyanoacetylene (HC3N),
dicyanoacetylene (C4N;) and cyanopropyne (CH3C3N), present-
ing (at 35 K) absorption bands at 4.450 um, 4.506 um, 4.488 um,
4.843 um, 4.619 um, 4.405 um, 4.454 um, 4.396 um, respec-
tively. The 4.6 um absorption band in Pluto’s spectrum could be
a blend of more than one individual molecular species. However,
we do not have information about the form in which nitriles
might occur on Pluto’s surface, whether in pure form or diluted
in a nitrogen matrix.

3.2. Charon

Figure 4 shows the NACO spectrum of Charon, the first one mea-
sured also in the L band. The spectrum confirms the presence on
Charon’s surface of H,O ice, by the absorption bands at 1.5 and
2.0 um, together with the 1.65 um feature diagnostic of crys-
talline water ice (Brown & Calvin 2000). Because of the low
spectral resolution it is not possible to detect in the NACO spec-
trum the 2.21 um feature attributed to hydrated ammonia (Cook
et al. 2007).

From the presence of strong absorption bands of H,O ice
in the short wavelength region, it is not surprising that a very
broad water ice signature is found in the L band part of Charon’s
surface spectrum.

4. Modeling

A quantitative analysis of the Pluto and Charon spectra was per-
formed using the scattering radiative transfer model of Hapke
(1993). In order to model the observed reflectance spectra of
Pluto and Charon and to extract, in this way, information about
their surface composition, an IDL routine was developed. This
routine computes the bidirectional reflectance of a geographical
or an intimate mixture (i, e, g) once the optical constants of the
assumed surface ices of the mixture together with the geome-
try of the system (incident angle i, emission angle e and phase
angle g) are known. The opposition effect and large-scale rough-
ness are considered, together with anisotropic scattering. This
latter factor is taken into account by considering the Henyey-
Greenstein particle phase function

1-¢&
(1 +2&cosg + &£2)3/2

r(g) = (1)
where £ is the cosine asymmetry factor (Hapke 1993). Following
the approach by Olkin et al. (2007), the spherical body of the tar-
get is approximated by a 30 x 30 bi-dimensional grid of surface
elements, and for each surface element incident angle and emis-
sion angle (iy, ex) are computed. The geometric albedo of the
target, A,, that will be compared with the observations is then
determined using the following relation

N .
7t Yopey Tk, ex, g) cos ey

A, = N

2

where N is the total number of surface elements covering the
visible disk of the body. We simulated the albedo at small, non-
zero phase angles corresponding to the phase angles typically
observed from Earth. The free parameters in our model are grain
size and contribution of each surface terrain to the mixture. They
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Fig. 5. Contributions of each model terrain to Pluto’s geometric albedo
spectrum.

are iteratively modified by means of a y*> minimization algo-
rithm (Levenberg-Marquardt least-squares minimization) until a
best fit to the observations is achieved. For the cosine asymme-
try parameter (£), the compaction parameter (4) and the mean
roughness slope (8) we considered values known from previous
studies (Hillier et al. 1994; Olkin et al. 2007; Buie & Grundy
2000). Sections 4.1 and 4.2 describe the results obtained from
modeling the Pluto and Charon spectra, respectively.

4.1. Pluto

Because of the low spectral resolution of NACO spectrum in
JHK bands and the light losses due to differential atmospheric
refraction in J- and H- bands (see Sect. 2), IRTF observations of
Pluto obtained in 2002 (Olkin et al. 2007) at high spectral res-
olution over the wavelength range (1.0-2.4) um were combined
with the NACO spectrum of Pluto in the L- and M-bands to be
used as input for the modeling. The best-fitting model of this
composite Pluto spectrum was obtained with a five-terrain unit
model consisting of 32% of pure CH,4 at 60 K (optical constants
from Grundy et al. 2002b) with 2340 um grain size, 20% of CH4
at 60 K with 72 ym grains, 34% of CH4 and CO ice diluted in N,
(CH4:CO:Np) at 41 K with 95 mm grains, 6% of CH,CHCN (op-
tical constants at 35 K from dello Russo & Khanna 1996) with
9 pum grains (the limiting case, since the grain size is approaching
the wavelength of the radiation) and 8% of titan tholin (optical
constants from Khare et al. 1984) at 100 ym grains. The concen-
tration of CH4 and CO in N, are 0.36% and 0.1%, respectively.
The optical constants of CH4:CO:N, were obtained as described
by Douté et al. (1999), using the optical constants of pure N, and
CH, diluted in N; derived by Quirico et al. (1996) and Quirico &
Schmitt (1997), respectively. The CO ice optical constants were
taken from Schmitt et al. (1992) in the wavelength range from
1.43 to 2.5 um and from Ehrenfreund et al. (1996) (30 K) in the
wavelength range from 4.55 to 5 um. Following the approach
of Olkin et al. (2007) we assumed a cosine asymmetry factor &
equal to —0.3. Buie et al. (1997) showed Pluto’s phase coefficient
to be nearly identical to that of Triton, and —0.3 is the & value
found by Voyager for Triton (Hillier et al. 1994). The values as-
sumed for surface roughness and compaction parameter are 14°,
by analogy with Triton, and 0.5 (Olkin et al. 2007), respectively.
The contribution to Pluto’s geometric albedo of each single ter-
rain considered in the modeling is shown in Fig. 5. In the range
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between 1 and 2 um we assumed the reflectance spectrum of
CH,CHCN to be flat, since the optical constants of dello Russo
& Khanna (1996) cover the wavelength range 2-5 pum only.
Figure 6 shows the comparison between Pluto’s spectrum (solid
line) and our best fit model (dashed line). This model may not be
a unique solution and depends on the surface components con-
sidered. Figure 7 shows the comparison between the averaged
NACO spectrum (solid line) together with its standard deviation
(STD) as function of wavelength (dash dot dot dot lines) in the
range (1-2.5) um and the best fit model (dashed line) degraded to
the same spectral resolution as the NACO observations. This was
done by convolving the high spectral resolution model shown in
Fig. 6 with a Gaussian profile with FWHM (Full Width at Half
Maximum) of 0.05 ym in the (1-2.5) um wavelength range cor-
responding to a spectral resolution of 35. The synthetic spectrum
reproduces all the main features of the observed spectrum, al-
though not in all details. The deviation of the model from the
observed spectrum is within the errors, although the model de-
viates from the observations in the continuum regions around
1.0, 1.3 and 1.5 um. The reason for this deviation is the light
loss of NACO spectrum due to the atmospheric refraction. The
comparison between the IRTF observations of Pluto obtained in
2002 (Olkin et al. 2007) at high spectral resolution (see Fig. 8)
and the modeled spectrum suggests that our model reproduces
correctly the measured depths of the CHy4 absorption bands. The
presence of CHy diluted in N, reproduces the nitrogen absorp-
tion band at 2.149 um and takes into account the coexistence of
pure and diluted methane at the surface of Pluto (Douté et al.
1999). Difficulties in fitting the albedo at 2.32 and 2.37 um arise
because of the saturation of the CH, absorption bands at these
wavelengths. This problem was solved by including CH,CHCN
and titan tholin as continuum scatterers. In the short wavelength
region acrylonitrile, as well as titan tholin, displays an high, al-
most neutral geometric albedo which increases the reflectance
around 2.32 and 2.37 um. Figure 9 shows the averaged NACO
spectrum (solid line) together with its standard deviation (STD)
as function of wavelength (dash dot dot dot lines) compared with
our best-fit model (dashed line) in the range (2.9-4.1) um. It is
possible to verify that the deviation of the model from the ob-
served spectrum in the L-band is within the errors, although with
systematic deviations depending on wavelength.

The comparison between the NACO and Keck (Olkin et al.
2007) observations obtained in 2005 and 2001, respectively, is
also shown. The main difference between the two sets of data
is the spectral slope between 2.9 and 3.1 um. The NACO spec-
trum presents, even considering the STD, a slope that is steeper
than that observed in 2001. This spectral difference can be due
to viewing geometry since geographical regions at different lon-
gitudes and latitudes come into view. The NACO spectrum was
obtained by averaging the spectra acquired in the second and
last night of observations (see Sect. 2), corresponding to a sub-
Earth longitude of 64° and 178°, respectively (see Table 1). The
spectra of the two opposite hemispheres of Pluto do not show
any significant difference (the variation is inside the STD) in the
wavelength range between 2.9 and 3.7 um (see Fig. 10). This
evidence, together with the fact that Keck spectrum refers to a
sub-Earth longitude of 198°, near the one covered by NACO on 7
August 2005, makes longitudinal changes in the ice composition
very unlikely as reason for the slope difference between NACO
and Keck spectra. The spectral change between NACO and Keck
data might be compatible with variations in the observed sur-
face latitude. Another possible explanation for the spectral dif-
ference between NACO and Keck spectra is the temporal change
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Fig. 6. Pluto’s spectrum (solid line) obtained by combining the 2002 IRTF observations (Olkin et al. 2007) at high spectral resolution over the
wavelength range (1.0-2.4) um and the NACO spectrum in L- and M-band is shown. Overplotted is the best-fitting model (dashed curve).
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Fig.7. Comparison between the averaged NACO spectrum of Pluto
(solid line), including STD (dash dot dot dot line), and the best-fitting

model (dashed line) degraded to the same spectral resolution as the
NACO observations over the wavelength range (1-2.5) um.

of Pluto’s surface. Clearly, this possibility must be confirmed by
further observations.

Another point of importance is the nature of the surface ele-
ments responsible for this slope variation. Many ices, such as
H,O, but also complex organics such as tholin-type radioly-
sis/photolysis residues (Khare et al. 1984, 1989; McDonald et al.
1994), absorb strongly in the region between 2.9 and 3.1 um.
Also, this slope is known to be diagnostic for the ratio between
pure methane and methane diluted in nitrogen since the spectrum
of pure methane presents a steeper slope than methane diluted
in nitrogen (Olkin et al. 2007). This implies that considering a
higher CH4-CHy4:N; ratio than the one used to model the Keck
spectrum would fit better the NACO observations. This latter ap-
proach was taken into consideration for this work. The best-fit
model of the IRTF and Keck data in the wavelength range (1.0—
2.4) um and (2.9-3.7) um was obtained with a three terrain unit
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Fig. 8. IRTF observations (black crosses) (Olkin et al. 2007) compared
with the best fitting model (red solid line) over the wavelength range
(1.0-2.4) um. (See the electronic version of the Journal for a color ver-
sion of this figure.)

model: 34% of CHy diluted in N, at 41 K with 95 mm grains
(the concentration of CHy in Ny is 0.36%), 37% of CH4 at 60 K
with 764 um and 29% of Khare et al. (1984) titan tholin with
23 um grains (Fig. 11). These values are different from those re-
ported by Olkin et al. (2007) because of the use of a different
phase function. Knowing of the coexistence of pure and diluted
methane at the surface of Pluto (Douté et al. 1999), we tried to
get a better fit of the slope of the NACO data by increasing only
the abundance of pure methane in the mixture while maintain-
ing that of diluted methane. Figure 12 shows the effect on the
spectral model for various fractions of pure methane and using
different grain sizes. In particular, it is evident that a model con-
sisting of 34% of diluted methane and 37% of pure CHy4 (dashed
green line) would not match the slope of the NACO spectrum of
Pluto. Adding 15% of pure methane results in a steeper slope,
which further increases when the grain sizes are reduced (see
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Fig. 9. Comparison between the averaged NACO spectrum of Pluto (solid line), including STD (dash dot dot dot line), and the best-fitting model
(dashed line) over the wavelength range (2.9-4.1) um. Overplotted are also Pluto’s measurements (crosses) obtained with the Keck telescope in

2001 (Olkin et al. 2007).
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Fig. 10. Near infrared spectra of the two opposite hemispheres of Pluto
(solid and dashed lines) obtained with NACO in 2005 compared to the
observations obtained with the Keck telescope (crosses) in 2001 over
the wavelength range (2.88-3.7) um.

dash dot blue and long dashed gray lines in Fig. 12). However,
Fig. 12 shows that grain sizes smaller than 70 um produce a syn-
thetic spectrum (dash dot dot dot violet line) that is too narrow
around 3.3 um absorption dip (Olkin et al. 2007) and at the same
time, it is too high around 3.55 and 3.80 um (Olkin et al. 2007).

The compound that could contribute significantly to the ab-
sorption band at 4.6 um is CO ice, which has an absorption
band around 4.67 um. Figure 13 shows the comparison between
NACO spectrum (black solid line) and the best fitting model
(dashed gray line), at the same spectral resolution as the observa-
tions. The insert box in Fig. 13 shows the contribution of the CO
ice absorption band at 4.67 um to the 4.6 um feature in Pluto’s
spectrum over the wavelength range 4.4-5 um. The comparison
between NACO spectrum (black solid line) and the best fitting
model obtained by including (dashed gray line) and removing
(dash dot red line) the absorption band of CO ice at 4.67 um is
shown as well.
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Fig. 11. IRTF and Keck observations (Olkin et al. 2007) over the wave-
length range (1.00-2.40) um and (2.88-3.70) um, respectively (black
crosses). Overplotted (red solid line) is our model of these observa-
tions. (See the electronic version of the Journal for a color version of
this figure.)

Another species that could contribute to Pluto’s absorption
band around 4.6 yum is CH3D. The laboratory reflectance spec-
trum of pure CH4 shows two absorptions, at 4.34 and 4.56 um
(see dashed and dash dot lines in Fig. 5). These absorptions
do not correspond to any known CH4 vibrational transition,
and were tentatively attributed to CH3D (Grundy et al. 2002b).
Figure 13 (see insert box) shows the contribution of the 4.56 ym
absorption of CH3D to the fit of the observed 4.6 um feature in
Pluto’s spectrum, presenting the comparison between the NACO
spectrum (black solid line) and the best-fit model obtained by
including (dashed gray line) and removing (dotted green line)
the absorptions due to CH3D. It is clear that the contribution of
CH3D to the Pluto feature in the M-band is almost negligible.

We investigated the possibility that nitriles might explain
the 4.6 um feature in the Pluto spectrum. Among the several
nitriles studied in the lab (see Sect. 3.1), those having absorp-
tion bands near 4.6 um are CH,CHCN, C,N; and CH3CH,CN.
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Fig. 13. Pluto’s spectrum (solid black line) obtained by NACO with the best-fitting model (dashed gray curve), at the same spectral resolution
as the observations, over the wavelength range (1-5) um. In the insert box the comparison between NACO spectrum (black solid line) and the
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wavelength range 4.4-5 um is shown. The best fitting model obtained after removing the contribution of CH3D at 4.34 and 4.56 um (dotted green
line) is also shown. The dash dot dot dot blue line represents the best-fitting model considering the contribution of CH,CHCN only. (See the
electronic version of the Journal for a color version of this figure.)
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In spite of the fact that the width of the Pluto band suggests
that it arises from a mixture of several different nitriles, we pre-
ferred to consider in the modeling only those having a band near
4.6 um. Because of the difficulty in establishing a reliable con-
tinuum level around the 4.6 yum Pluto band, the actual width
of the absorption remains uncertain, while its maximum depth
seems to be better defined. In the modeling, we have investigated
the effects of the mixture of both CH,CHCN and C,N,, while
CH;3;CH,CN was not taken into account because of the absence
of optical constants. We found that acrylonitrile (see Fig. 5) is the
only nitrile having an absorption around 4.6 um that also gives
a satisfactory fit to Pluto’s spectrum in the short wavelength re-
gion. However, the introduction of CH,CHCN results only in
a weak absorption (weaker than the feature detected), and fur-
thermore this absorption is located to the left (4.5 um) of the
detected 4.6 um Pluto band (see Fig. 13, dash dot dot dot blue
line in the insert box). Adding C,;N; in the mixture, the model
diverges from the observed spectrum around 3.3 um with albedo
values higher than those observed.

4.2. Charon

One of the best spectroscopic models proposed for Charon is
the “standard model” by Buie & Grundy (2000). The model as-
sumes an intimate mixture of 60% H,O with 100 um grain size
and 40% of a neutral continuum absorber with 70 um grains.
The optical constants of the absorber were calculated by Buie
& Grundy (2000) in the wavelength range (0.44-2.6) um in or-
der to match the HST/NICMOS data from 1.4 to 2.5 ym. We
extended the “standard model” beyond 2.6 um, assuming the
neutral absorber has a flat spectrum in the range from 2.6 to
4.1 um (with an absorption coefficient of 822 cm™!). Figure 14
shows Charon’s spectrum (solid line), normalized in the wave-
length range (2.2-2.3) um to 0.27, corresponding to Charon’s re-
flectance at 1° phase angle, named A; in agreement with Buie &
Grundy (2000). The figure also shows the comparison between
the NACO spectrum of Charon and the “standard model” ex-
trapolated beyond 2.6 um (dashed line) for the wavelength range
(1.0-4.1) um. As for Pluto, the model deviates from the obser-
vations in the short wavelength region between 1.0 and 1.4 ym
because of the light loss in the NACO spectrum due to the at-
mospheric refraction. Figure 15 shows the average Charon spec-
trum (solid line) together with its standard deviation (STD) as
function of wavelength (dash dot dot dot lines) compared with
the model (dashed line) in the wavelength regions (1.0-2.5) um
(top panel) and (3.0-4.1) um (bottom panel). The deviation of
the extrapolated “standard model” from the NACO data is still
within the uncertainties of the measurements. However, the as-
sumption that the neutral absorber is “flat” also between 2.6 and
4.1 um results in albedo values that are systematically lower than
those observed, at least beyond 3.2 um. This discrepancy in the
L band between the Charon spectrum and the extrapolated “stan-
dard model” suggests that the neutral absorber may probably
absorbs less beyond 3.2 um than anticipated. Figure 16 shows
the comparison between Charon’s spectrum (solid line) and the
standard model (dashed line) now with the assumption that
the absorption coefficient of the neutral absorber is 822 cm™!
in the range (2.7-3.2) um, 150 cm™" in the range (3.3-3.7) um
and 100 cm™! from 3.8 to 4.1 um. The match of the NACO data
is improved. However, since the optical constants of the absorber
are adopted (and not measured) only, no firm conclusion can be
drawn from these results. Figure 17 shows the comparison be-
tween the geometric albedo of Pluto-Charon (A4pc(4)) combined
(solid line) and that of Pluto (Azp(4)) only (dashed line) over

373

0.4
NACO

0.3 — —. STANDARD MODEL

0.2

Geometric albedo A1

0.1
00 L L L L | L L L L L L L L L L L L L L [ L L L L
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Wavelength (um)

Fig. 14. Charon’s spectrum at 1° phase angle (A,) obtained with NACO
in the wavelength range (1.0-4.1) um (solid line) compared with the
“standard model” of Buie & Grundy (2000) extrapolated beyond 2.6 um
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maybe an artifact from the data reduction.
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the wavelength range (1.0—4.1) um. The former was calculated
using the following formula

Fpc(d)

AgPC(A) = FP(/D

Agp(d) 3)

where Fpc(d) and Fp(2) indicate the relative reflectances of
Pluto/Charon system and Pluto, respectively. The previous
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relation was obtained from Eq. (2) of Douté et al. (1999) using
the heliocentric distance, geocentric distance and mean quadratic
radius of Pluto/Charon system the same as those of Pluto. The
difference between the averaged geometric albedo of the com-
bined system and that of Pluto represents Charon’s spectral con-
tribution to the unresolved system. This results in a contribution
of 7% in JHK and about 2% in the L-band.

5. Conclusions

We have obtained the first resolved Pluto and Charon spectra
up to 5 um and 4 um, respectively. These data provide impor-
tant tools to improve our knowledge of the surfaces of Pluto and
Charon.

The M-band spectrum of Pluto reveals the presence of an ab-
sorption band around 4.6 ym not previously detected. We found
that CO ice, known to be present on Pluto’s surface from the
short wavelength region, contributes significantly to this fea-
ture, showing an absorption band at 4.67 um. We investigated
the possibility that nitriles on Pluto might be the explanation
for the 4.6 um band we find. Nitriles are not unexpected be-
cause they are products of reactions between methane and ni-
trogen (dello Russo & Khanna 1996), both species present on

S. Protopapa et al.: Surface characterization of Pluto and Charon by L and M band spectra

the surface of Pluto. In particular we found that acrylonitrile,
CH,CHCN, is the only nitrile having an absorption around
4.6 um that also gives a satisfactory fit to Pluto’s spectrum in the
short wavelength region. We note, however, that the introduction
of CH,CHCN in our model results only in a weak absorption
(weaker than the feature detected), and furthermore that this ab-
sorption is located to the left (4.5 um) of the feature detected in
Pluto’s spectrum. Another species that weakly contributes to the
4.6 um absorption in Pluto’s spectrum, is deuterated methane,
CH;3D, that has an absorption band at 4.56 um, thus giving some
hope for the eventual determination of the H/D ratio on Pluto.
Unfortunately, lab data for the optical constants of CH, ice with
various values of the H/D ratio are lacking (Grundy et al. 2002b)
and the issue of the H/D ratio in Pluto remains unsolved for the
time being.

Comparing the Pluto observations obtained at VLT in 2005
with those obtained at Keck in 2001, we note a significant
change of the slope between 2.9 and 3.1 um. Since different
viewing longitudes is an unlikely explanation, one could con-
sider instead changes in the observed Pluto’s sub-solar latitude
or a resurfacing process on Pluto, a hypothesis that clearly needs
to be confirmed by further observations. The slope of the spec-
trum between 2.9 and 3.1 um is diagnostic of the areal mixing
ratio of pure to diluted CHy, since pure CH4 has a steeper slope
than that of methane diluted in N,. The modeling analysis of the
NACO and Keck observations revealed that the concentration of
pure CH4 may have increased by 15% from 2001 to 2005.

Charon’s spectrum obtained by NACO in 2005, is not con-
taminated by light from Pluto and extends well beyond 2.6 um
(compared to previous work by Buie & Grundy (2000) in the
range (0.44-2.60) um). Prior to the present study, Pluto’s spec-
trum alone has been derived by removing a modeled spectrum
of Charon from the ground-based spectra of the combined Pluto-
Charon system (Olkin et al. 2007). Because of the absence of re-
flectance measurements for Charon beyond 2.5 um, it was nec-
essary to make assumptions about Charon’s L-band spectrum.
We have verified that the “standard model” of Buie & Grundy
(2000), extended beyond 2.6 um assuming that the absorption
coefficient of the neutral absorber is 822 cm™' in the range 2.6—
4.1 um, matches Charon’s spectrum within the errors — although
the modeled albedo is systematically lower than the measured
value beyond 3.2 um. Using NACO measurements for Charon it
was possible to calculate the hypothetical spectral properties of
the unknown neutral absorber beyond 2.6 um to compensate for
this deviations. The possible presence of hydrated ammonia on
Charon’s surface (Cook et al. 2007) was not taken into account,
because the low spectral resolution of NACO data does not en-
able us to constrain the existence of this ice in Pluto’s satellite.
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