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ABSTRACT

Context. (65) Cybele is the most representative member of a population of primitive asteroids in the outer edge of the main belt,
the Cybele asteroids. Recent dynamical models suggest that a significant fraction of them originated in the primordial transneptunian
disk, so the study of the physical properties of these asteroids is potentially a useful test of these models.

Aims. Our aim is to obtain information on the surface composition of this asteroid. In particular we want to obtain information on the
composition and properties of the regolith and the possible presence of ices and organic materials.

Methods. We present 2—4 um and 5-14 pum spectroscopy of (65) Cybele obtained with the NASA IRTF telescope and Spitzer Space
Telescope respectively. We compare the results with spectra of Trojan asteroids and asteroid (24) Themis. We analyze the 2—4 um
spectrum using scattering models and we apply thermal models to the 5-14 um data.

Results. The 2—4 um spectrum of (65) Cybele presents an absorption band centered at ~3.1 um and more weaker bands in the
3.2-3.6 um region, very similar to those observed in (24) Themis. No hydrated silicates are detected. From the spectrum in the
5-14 um region an effective diameter D = 290 + 5 km, a beaming paramete 7 = 0.967 + 0.014, and a geometric visible albedo
py = 0.05 £ 0.01 are derived using the NEATM thermal model. The emisivity spectrum in the 5-14 ym range exhibits an emission
plateau at about 9 to 12 um with an spectral contrast of ~5%. This emission is similar to that of Trojan asteroids and active comets and
may be due to small silicate grains being imbedded in a relatively transparent matrix, or to a very under-dense (fairy-castle) surface
structure. The lower amplitude of the silicate emission in Cybele’s spectrum with respect to that of Trojan asteroids could be attributed
to larger dust particles and/or a slightly denser structure.

Conclusions. The surface of (65) Cybele is covered by a fine anhydrous silicate grains mantle, with a small amount of water ice
and complex organic solids. This is similar to comet surface where non-equilibrium phases coexist. The presence of water-ice and
anhydrous silicates is indicative that hydration did not happened or is incomplete, suggesting that the temperatures were always

sufficiently low.

Key words. minor planets, asteroids: general — minor planets, asteroids: individual: (65) Cybele — comets: general —

methods: observational — techniques: spectroscopic

1. Introduction

Outer main-belt asteroid (65) Cybele (hereafter Cybele) is one of
the 10 largest asteroids (effective diameter D = 273 + 11.9 km,
Miiller & Bloemmaert 2004) and is representative of one of
the populations in the outer edge of the main belt, the Cybele
asteroids. Photometry and spectroscopy in the visible show
that it is primitive. It has received different spectral classifi-
cations from various authors: P-type (Tholen 1989), CO-type
(Barucci et al. 1987), Xc-type (Bus 1999), C-type (Lazzaro
et al. 2004), and Xk-type (DeMeo et al. 2009). The spectrum,
featureless longward of 0.5 um with a spectral slope S{, =
0.95%/1000 A (Licandro et al. 2008) and its low albedo (py ~

0.05, Miiller & Bloemmaert 2004) confirm that it is a primitive
asteroid that belong to the C-complex defined by Tholen (1989).

Article published by EDP Sciences

The asteroids in the outer belt, which are here defined as ob-
jects with a semi-major axis @ > 3.3 AU, fall into three main
groups: the Cybeles with a between 3.3 to 3.7 AU, the Hildas
in the 3:2 resonance with Jupiter at ~4.0 AU, and the Jupiter
Trojans around the L4 and L5 Lagrangian points of Jupiter at
~5.2 AU. Due to their large heliocentric distances, the outer belt
asteroids have experienced less heating and are expected to be
of a more primitive composition. They may also contain a sig-
nificant fraction of ice in their interiors (Jones et al. 1990). Thus,
these objects may provide a number of clues to the origin and
evolution of the asteroid belt and to the formation of our plan-
etary system. The origin of these populations is under debate.
Until 2005, Trojans were considered as planetesimals formed
in the vicinity of Jupiter’s orbit and captured in the L4 and
L5 Lagrangian points, but recent numerical modeling suggests
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they originated in the primordial transneptunian disk (Morbidelli
et al. 2005). Recently, Levison et al. (2009) suggested that a sig-
nificant fraction of the members of all outer main belt popula-
tions are TNOs moved to these resonances in an early epoch of
the Solar System called the late heavy bombardment.

The study of the physical properties of these asteroid popu-
lations provide tests of dynamical models. In particular it is very
important to compare them with that of Jupiter family comets,
as the latter are small TNOs scattered to the inner planetary re-
gion (Ferndndez 1980). At visible wavelengths, Trojan, Hilda
and Cybele asteroids are classified primarily as D- and P-type
asteroids, with a small fraction of C-type. The color distribu-
tion of these populations indicate that the fraction of C-type as-
teroids decreases with increasing a. The few properly observed
cometary nuclei also have D-, or P-type spectra (Licandro et al.
2002; Abell et al. 2005; Campins et al. 2006, 2007). C-type as-
teroids are the dominant spectral type of asteroids in the 3 AU re-
gion. They are spectrally neutral in the visible and near-infrared
wavelengths (0.35 to 2.4 um) with a downturn in reflectance
shortward of 0.4 um (Tholen 1989) and have low albedos. D-
and P-type asteroids are characterized by low albedos and fea-
tureless reddish spectral curves in the visible and near-infrared.
P-type objects are less red than D-types.

Some of the materials that have been suggested to be present
in the surface of primitive asteroids have deep absorption bands
in the L band around 3 um: hydrated silicates, complex organ-
ics, and ices. While the spectra of C-, P-, D-type asteroids in
the 0.5-2.5 um region do not present any deep absorption band,
even a small fraction of hydrated silicates, organics and/or ices
in their surface should produce a detectable absorption band in
a high /N 2—4 um spectrum (see Emery & Brown 2004). Only
a few primitive asteroids have been observed in the 2—4 um re-
gion, and most of them at a low S/N ~ 10 level. Absorption
features are detected in the spectra of many C-types (Lebofsky
1980; Jones et al. 1990; Rivkin et al. 2002), consistent with the
presence of a significant fraction of hydrated minerals. Water ice
and organics were recently detected using 2—4 um spectroscopy
in the surface of C-type asteroid (24) Themis (hereafter Themis,
Campins et al. 2010; Rivkin & Emery 2010), an asteroid in the
edge of the main belt, with a = 3.13 AU. Themis is the largest
member of a collisional family that has 2 members that presented
comet-like activity according to Hsieh & Jewitt (2006). Most of
the P-, and D-type asteroids observed in the 3 um spectral re-
gion are Trojans. Emery & Brown (2003) observed 8 Trojan as-
teroids in the K and L bands, they did not detect any absorption
band, and conclude that the spectra are compatible with silicate
surfaces mixed with a significant fraction of low albedo mate-
rial. But the S/N of the Emery & Brown spectra is too low to
detect the 3.1 um absorption band reported in the spectrum of
Themis and attributed to water ice and organics. So, the pres-
ence in outer belt asteroids of absorption features due to hydrated
minerals, ice, or organics, similar in strength to that observed in
24 Themis, is not constrained by the available observations.

The mid-infrared spectral region is also proving to be di-
agnostic of the surface composition of primitive asteroids, and
in ways complementary to the shorter wavelengths (e.g., Cohen
et al. 1998; Miiller & Blommaert 2004; Lim et al. 2005; Emery
et al. 2006; Campins et al. 2007). The three published mid-
infrared spectra, from 5 to 38 um of Trojan asteroids (Emery
et al. 2006) exhibit clear emissivity features from which the
compositional and physical properties can be inferred. Spectra
of these three Trojans strongly resemble one another and are
similar to the spectra of active comets. They present an emis-
sion plateau at about 9.1 to 11.5 um with a spectral contrast of
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10 to 15%. At these wavelengths, silicates show an emissivity
high near 10 yum (the Si-O stretch fundamental). The major fea-
tures of the Trojan asteroid spectra can be reproduced using only
fine-grained silicates (Emery et al. 2006).

Cybele asteroids are particularly important because they are
a transition group between the primitive inner main belt asteroids
and the Trojans, both of which are better studied populations
with significantly different characteristics.

In this paper we present near-infrared 2—4 ym and mid-
infrared 5-14 um spectroscopy of Cybele obtained with the
NASA IRTF telescope and the Spitzer space observatory, and
characterize its surface composition and other properties such as
radius and albedo. In Sect. 2 the Spitzer and IRTF observations
and data reduction are presented. In Sect. 3 the thermal model
applied to the Spitzer spectrum and the derived size and albedo
are presented. In Sect. 4 the emissivity spectrum is presented
and costraints on the silicate surface composition are derived. In
Sect. 5 the 2—4 um spectrum is presented. In Sect. 6 a discussion
of the results is presented and the conclusions are summarized.

2. Observations and data reduction

Cybele was observed with Spitzer using the IRS spectrograph
on February 8, 2005 and with the NASA 3.5 m IRTF telescope
using the SPEX spectrograph on September 8 and 9, 2009.

2.1. Spitzer mid infrared spectrum

The spectrum of Cybele was obtained with the Infrared
Spectrograph (IRS) instrument (Houck et al. 2004) on NASA
Spitzer Space Telescope (Werner et al. 2004), on Feb. 8,
2005 UT. The asteroid was observed at a heliocentric distance
of 3.296 AU, at a Spitzer distance of 3.474 AU, a phase angle of
—14.2° (the phase angle is negative to indicate that the observa-
tion occurred before opposition). The IRS measures spectra over
the range 5.2-38 um with several different configurations. The
observations presented here used two segments of the low spec-
tral resolution mode (R = A/AA ~ 64—128). These two segments
are short wavelength, 2nd order (SL2; 5.2 to 7.6 um), short
wavelength, 1st order (SL1; 7.4 to 14.2 um). When one of the
low-resolution orders is centered on the target, the other is off-
set (~50”) from the target, providing a measurement of the sky
background. Our analysis is limited to wavelengths <13.2 ym to
avoid a known artifact in IRS spectra at 13.2—14 um (the 14 ym
teardrop). The final spectrum corresponds to a total on-object
exposure time of 29.4 s and 12.6 s for the SL2 and SL.1 modes,
respectively.

Our reduction begins with the basic calibrated data from
the Spitzer Science Center’s IRS reduction pipeline version
S18.7.0. We background subtract and bad pixel mask the im-
ages, then extract spectra using the SPICE (Spitzer IRS Custom
Extraction) software, using the default point source-tuned aper-
ture. We scaled the SL2 spectrum by 0.92 to match the SL.1 spec-
trum at 7.5 um. This scale factor, although quite different from
1.0, is consistent with the IRS pipeline’s absolute calibration un-
certainty of <10%. When reporting values that depend on the ab-
solute calibration (e.g., thermal emission model parameters), we
will include an additional 10% flux uncertainty added in quadra-
ture. The flux density spectrum is plotted in Fig. 1 along with the
best-fit thermal model (see Sect. 3).
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Fig. 1. Flux density spectrum of Cybele in the mid-infrared (points) and
best-fit NEATM (red line).

2.2. IRTF LXD spectra

Near-infrared spectra of Cybele were obtained using NASAs
IRTF on September 8 and 9, 2009 UT. The heliocentric and
geocentric distances were 3.37 and 2.36 AU, respectively, and
the phase angle was 0.6 degrees. We used the SpeX spectro-
graph/imager (Rayner et al. 1998) in the Long Cross-dispersed
(LXD) mode to record spectra that each had a wavelength range
from 1.95 to 4.0 um. The slit was the 0.8 X 15 arcsec one, with
an image scale of 0.15 arcsec/pixel; this provided a spectral res-
olution 4/AA ~ 800, which we later binned to a dispersion of
0.01 um (1/AA ~ 300) to maximize the signal-to-noise while
preserving an appropriate spectral resolution. Spectra were ob-
tained in pairs, labeled A and B, offsetting the telescope by
10 arcsec along the slit between the two. The reduction and
calibration of our spectra was done with the Spextool program
(Cushing et al. 2004). Detailed descriptions of the reduction pro-
cess can be found in Volquardsen et al. (2007). Briefly, the dif-
ference of each AB pair was taken to remove the sky emission,
the resulting frames were then registered, flat-fielded, and 1-D
spectra were extracted. Wavelength calibration was performed
by matching arc lines to a model of arc lines vs. wavelength in
Spextool. Solar analogue stars 51 Pegasus and HD 42618, and G
Landolt stars (Landolt 1992) SA113_274 and SA115_271 were
observed along the night covering similar airmasses as the aster-
oid and used to correct for telluric absorptions and to obtain the
reflectance spectrum of Cybele. Telluric features were removed
from extracted spectra of the asteroid and the solar analogs using
a model atmospheric transmission profile called ATRAN (Lord
1992), which was generated for the zenith distance of the ob-
ject, altitude of the telescope, spectral resolution, and a range
of precipitable water vapor amounts. Outside the strongest tel-
luric band (2.45 to 2.85 um, which we omit) the random errors
range from 3% to 10% for each point, with the lowest uncer-
tainties at the shortest wavelengths; the point-to-point variabil-
ity within each spectrum confirms this. We obtained a total of
120 and 88 AB pairs of spectra over the first and second night
respectively, and binned them into several separate time inter-
vals to facilitate searching for rotational variation (see Fig. 2). In
both nights the asteroid was observed in an interval larger that
its rotation period (4.04 h, Gil-Hutton 1990). Within an interval,
all spectra were averaged together.
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Fig. 2. IRTF reflectance spectra of Cybele normalized at 2.4 um, ob-
tained in both nights and shifted in reflectance for clarity.

To check for possible rotational variation of the asteroid
spectrum due to surface inhomogeneities, each spectrum is di-
vided by the average of all the spectra obtained each night (see
Fig. 3). There is no statistically significant variation of the spec-
tra, in particular of the observed absorption band at 3.1 um,
which preserves its shape and depth throughout. Comparing also
the mean spectrum of Sept. 8 and 9 (see Fig. 4) we also notice
that there are no significant variation between them, only a small
difference in the spectral slope much smaller than the typical
slope uncertainty (~1-2%/0.1 um).

3. Thermal model

The flux from Cybele in the wavelength range covered by the
IRS is dominated by thermal emission. The measured spectral
energy distribution (SED) depends on the object’s size, com-
position, and temperature distribution. This last term is depen-
dent on several factors, including distance from the Sun, albedo,
thermal inertia, surface roughness, rotation rate, shape, and spin-
pole orientation. We used the relatively simple near-Earth aster-
oid thermal model (NEATM, Harris 1998) to fit our 5 to 13 um
spectrum. The NEATM is a refinement of the standard ther-
mal model (STM, Lebofsky et al. 1986; Lebofsky & Spencer
1989), which was developed and calibrated for main-belt aster-
oids. Unlike the STM, the NEATM requires observations at mul-
tiple wavelengths and uses this information to force the model
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Fig. 3. IRTF spectra of Cybele divided by the mean spectrum of each
night, shifted in reflectance for clarity. Notice that no significant differ-
ences are shown within the S/N.

temperature distribution to be consistent with the apparent color
temperature of the asteroid. The NEATM solves simultaneously
for the beaming parameter (1) and the diameter (D). The beam-
ing parameter was originally introduced in the STM to allow the
model temperature distribution to fit the observed enhancement
of thermal emission at small solar phase angles due to surface
roughness. In practice, 7 can be thought of as a modeling pa-
rameter that allows a first-order correction for any effect that in-
fluences the observed surface temperature distribution (such as
beaming, thermal inertia, and rotation).

We did not make any observations of this asteroid’s re-
flected continuum below 2 um, so to estimate the visible ge-
ometric albedo (py), we adopted the values retrived from the
JPL Small-Body Database Browser (http://ssd. jpl.nasa.
gov/)of Hy = 6.62+0.12and G = 0.01+0.009, where Hy is the
visible absolute magnitude and G is the slope parameter. Using
the NEATM (with bolometric emissivity 0.9) we derived the fol-
lowing: D =290+5km, n = 0.967+0.014, and py = 0.05+0.01.
The best-fit NEATM is shown in Fig. 1.

Thermal observations of Cybele have been published in
several papers (Tedesco & Veeder 1992; Tedesco et al. 2002;
Morrison & Chapman 1976; Morrison 1977; Bowell et al.
1979; Green et al. 1985; Miiller & Blommaert 2004). Miiller &
Blommaert (2004) analyzed all of them and using thermophys-
ical models, derived for Cybele a size of 302 x 290 x 232 km
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Fig. 5. Emissivity spectrum of Cybele compared to that of Trojan as-
teroid (624) Hektor (shifted in the emissivity axis for clarity). Notice
the emission plateau due to fine silicate grains in the spectrum of both
asteroids. Notice also that the contrast is smaller (~5%) in the spectrum
of Cybele than in that of Hektor (~15%).

(£4%), an effective diameter D = 273 + 11.9 km, and a ge-
ometric visible albedo of 0.050 + 0.005. The data presented in
this paper has higher S /N and spectral resolution in the 5—14 um
spectral range, and the results are consistent with those of Miiller
& Blommaert (2004).

4. The emissivity spectrum

The emissivity spectrum of Cybele was obtained by dividing
the flux density spectrum by the obtained NEATM model and
it is shown in Fig. 5. The spectrum clearly exhibits an emission
plateau at about 9 to 12 um with a spectral contrast of ~5%. This
emission resembles that of silicates (the Si-O stretch fundamen-
tal).

The spectra of the three Trojan asteroids in Emery et al.
(2006) also show a similar emission plateau with a highest con-
trast of 10 to 15%. To illustrate that, the emissivity spectrum of
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Cybele is plotted in Fig. 5 together with that of Trojan asteroid
(624) Hektor (from Emery et al. 2006).

Emery et al. (2006) present an extensive comparison of the
Trojan’s spectra with that of different kind of silicates and me-
teorite samples and with cometary dust comae, and concluded
that fine-grained silicates, and no other mineral group repro-
duce the major features of the spectra. They argue that the emis-
sivity spectra more closely resemble the emission spectra from
cometary comae than those from solid surfaces and those mea-
sured in the laboratory for powdered meteorites and regolith
analogs. They finally hypothesize that the coma-like emission
from the solid surfaces of Trojans may be due to small silicate
grains being imbedded in a relatively transparent matrix, or to
a very under-dense (“fairy-castle”) surface structure. Another
possibility for the fine-grained silicate emission features is the
electrostatic levitation of small particles above the surface (Lee
1996), thus producing a dispersed medium. The similarities be-
tween Cybele and Trojan asteroids spectra suggest that the pro-
posed emission mechanism for the Trojans are also valid for this
asteroid. The lower amplitude of the silicate emission in Cybele
spectrum respect to that of Hektor can be attributed to larger dust
particles and/or a slightly denser structure.

5. The near-infrared spectrum in the 3 um spectral
region

Longward of about 3.3 um the LXD spectrum contains a
thermally emitted component. This thermal component was
modeled using the thermal model derived from the Spizzer spec-
trum (see Sect. 3) and subtracted from the mean IRTF spec-
trum to properly define the shape of the reflected continuum be-
yond 3.3 um. The final reflectance spectrum was transformed
to albedo units (Fig. 6) by scaling the reflectance at 2.4 um to
an albedo of 0.06 which results from the fact that Cybele has a
linear spectrum in the 0.5-2.4 ym range with an spectral slope
St = 0.95%/1000 A (Licandro et al. 2008).

Cybele’s spectrum presents a deep absorption band centered
at ~3.1 um. Notice that the thermal contribution shortward of
3.3 um is negligible (see Fig. 6); hence, the position and shape of
the 3.1 um band are unaffected by the subtraction of the thermal
continuum.

The spectrum of Cybele, and in particular the band center
and shape of the 3.1 um absorption band, strongly resembles
that of two other primitive asteroids in the outer edge of the main
belt: Themis (Campins et al. 2010; Rivkin & Emery 2010) and
(375) Ursula (hereafter Ursula, see Fig. 10 of Rivkin et al. 2003).
Cybele (with a semi-major axis a = 3.433 AU) is just outside the
2:1 resonance while Themis and Ursula (semi-major axis a =
3.129 and 3.125 AU respectively) are just inside it.

Based on the spectra of Themis obtained with the IRTE,
Campins et al. (2010) and Rivkin & Emery (2010) report the first
detection of water ice and complex organics on the surface of an
asteroid, and they also show that the ice and the organics are
widely distributed across the surface. In this paper, we use the
shorthand term organics to mean the relatively refractory solid
material consisting of complex macromolecular carbonaceous
material that is similar to the insoluble organic matter found in
most carbonaceous meteorites. This material contains both aro-
matic and aliphatic hydrocarbons, amorphous carbon, and other
materials of undetermined structure. Tholins are synthetic com-
plex organics and carbon nitrides that are often used to model
surfaces of Solar System bodies, in part because their complex
refractive indices have been measured, and because their use in
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Fig. 6. Mean spectrum of Cybele in the 24 um range. The thermal
contribution was subtracted and the reflectance transformed to albedo
units (see text). The thermal contribution is shown as a solid line (scaled
to albedo units and shifted by 0.045 to fit in the figure). Notice that the
thermal contribution in the 3.1 um band is negligible.

scattering models often reproduces the reflectance spectra satis-
factorily.

Analyzing the ~3.1 ym band Rivkin & Emery (2010) first
conclude that its shape is unlike those seen in hydrated miner-
als, carbonaceous chondrites or typical C-class asteroids. They
attribute the band to fine-grained water ice as a frost deposited
on regolith grains and model the ice feature using an scattering
model that include a thin coating of H,O ice on surface grains
(see Rivkin & Emery 2010, for details). In Fig. 7 we compare
Themis and Cybele spectra. We also overplot on the spectrum of
Themis the spectral model included in Fig. 1 of Rivkin & Emery
(2010) and a model with similar characteristics and composition
is overplotted on Cybele’s spectrum. The model for Cybele con-
sist of an intimate (salt-and-pepper) mixture of 22% amorphous
pyroxene with 0.04 um thick rims of HO and 78% amorphous
carbon. Both materials have grain sizes of 30 um and the sur-
face porosity is 0.31. The differences from the parameters used
for the model of Themis’s spectrum (see Rivkin & Emery 2010,
for details) are not significant. In both cases the models fit very
well at short wavelengthes while at longer wavelengths, beyond
3.2 um they do not.

The residuals of dividing Themis spectrum against the model
show evidence of additional spectral structure (see Fig. 2 of
Rivkin & Emery 2010) that can be explained by various organic
material. Campins et al. (2010, supplementary information) fit
the spectrum of Themis in the 3.0 to 3.6 um spectral range with
a model containing a small amount of very fine grains of water
ice and ice tholins, obtaining a good fit of the absorption bands
due to organics in the 3.2 to 3.5 um spectral range. The residuals
of dividing Cybele’s spectrum against the model are shown in
Fig. 8 together with the spectra of organics with a different com-
positions. The three organic compounds plotted in Fig. 8 are: 1)
a sample of Insoluble Organic Material (Orgueil IOM); 2) an
average of six polycyclic aromatic hydrocarbons; 3) ice tholin.

The first case, the spectrum of the sample of Insoluble
Organic Material (Orthous-Dauna et al. 2010) shows the contri-
bution of the aliphatic structure. The 3.279-3.636 microns range
is dominated by C-H stretching modes (symmetric and asym-
metric). The aliphatic structure is given by the relative contri-
bution of methyl (CHj3), methylene (CH;) bands and tertiary
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Fig.7. Reflectance spectrum of Cybele and Themis in albedo units.
Within the noise, both spectra looks very similar. Overplotted on the
spectrum of Themis is the spectral model included in Fig. 1 of Rivkin
& Emery (2010). A similar model is overplotted on Cybele’s spec-
trum. These models include a thin coating of H,O ice on surface grains.
Notice that models fit very well the left part of the band while at longer
wavelengths there are additional absorptions.

hydrogen (CH). The second case, the average spectrum of six
polycyclic aromatic hydrocarbons taken from Colangeli et al.
(1992) shows absorption features in organic materials near
3.3 um that corresponds to the aromatic stretching bands. The
third case, the ice tholin is the residual of an irradiated mixture
of water ice and ethane. The spectrum was obtained using the
Skhuratov scattering theory (Shkuratov et al. 1999) from optical
constants taken from Khare et al. (1993). The ice tholin com-
bines the contributions of both, aliphatic and polycyclic aromatic
hydrocarbons.

Notice that the shape of the residuals in Cybele’s spectrum
is different from that of the residuals in Themis spectrum, but
they can both be explained by a combination of organic material
like those shown in Fig. 8. The observed difference between the
spectrum of Themis and Cybele is indicative of a difference in
the composition of the organics in both asteroids, which is also
compatible with the difference in the observed color of the vis-
ible and near-infrared spectra (Cybele’s spectrum is redder than
that of Themis spectrum). A detailed study of these bands could
be used to obtain information on the organics that are present on
their surfaces, but, at least in the case of Cybele, the S/N is not
sufficient to do that.

So, from the 3 um spectra of Cybele presented in this paper,
we conclude that its surface likely has fine-grained water ice as
a frost deposited on regolith grains and complex organic solids,
both over most of its surface. Notice also that no hydrated sil-
icates are detected suggesting that most of the silicates in the
surface of this asteroid are anhydrous.

Finally notice that Themis, Cybele, and Ursula, the only C-
class asteroid with semi-major axis >3.1 AU observed in spec-
troscopic mode in the 2—4 um spectral range with high enough
S /N, do not present the typical absorption band due to hydrated
sylicates. This is in agreement with Jones et al. (1990) that sug-
gest that the C-type asteroids underwent a widespread, though
mild, heating and aqueous alteration episode, and that the hy-
drated silicate abundance declines gradually among them from
2.5t03.5 AU.
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Fig. 8. The residuals of dividing Cybele’s spectrum against the model
are shown (as crosses) together with the spectra of organics with dif-
ferent composition. In yellow is the spectrum of a sample of Insoluble
Organic Material from Orthous-Dauna et al. (2010) showing the con-
tribution of the aliphatic structure. The purple line is the spectrum of
an average of six polycyclic aromatic hydrocarbons from Colangeli
et al. (1992).The red line is the spectrum of ice tholin from Khare et al.
(1993).

6. Discussion and conclusions

In this paper we present near-infrared 2—4 ym and mid-infrared
5-14 um spectroscopy of Cybele obtained with the NASA IRTF
telescope and the Spitzer space observatory, and yield the fol-
lowing results:

1. The 5-14 um spectrum was analyzed using NEATM and we
derived a diameter D = 290 + 5 km, n = 0.967 = 0.014, and
pv = 0.05 + 0.01. The albedo of Cybele is low, typical of
a C-type asteroids, and similar to the albedo of large Trojan
asteroids (Fernandez et al. 2003), comet nuclei (e.g. Campins
et al. 2006), and to the albedo of Themis and Themis family
members (Hsieh et al. 2009).

2. The emisivity spectrum in the 5-14 um spectral range ex-
hibits an emission plateau at about 9 to 12 um with a spectral
contrast of ~5%. The observed spectral emissivity is simi-
lar to that observed in Trojan asteroids (Emery et al. 2006)
which is attributed to small silicate grains being imbedded
in a relatively transparent matrix, or to a very under-dense
(fairy-castle) surface structure. Alternatively, electrostatic
levitation of small particles above the surface can produce
also a dispersed medium. The lower amplitude of the sili-
cate emission in Cybele spectrum respect to that of Trojan
asteroids can be attributed to larger dust particles and/or a
slightly denser structure. Notice that a “dusty” surface like
that of Trojans and Cybele is similar to how one would ex-
pect a cometary dust mantle to look like.

3. From the presented 2—4 um spectra of Cybele, we report the
detection of an absorption band centered at 3.1 um, similar to
that in the spectrum of Themis (Campins et al. 2010; Rivkin
& Emery 2010) that can be modeled using water ice. We
conclude that its surface has fine-grained water ice as a frost
deposited on regolith grains and complex organic solids that
are spread over its whole surface.

4. Other absorption bands in the 3.2-3.6 um region indicate
the presence of complex organic solids on the surface, as
in the case of Themis. The observed difference between the


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015339&pdf_id=7
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015339&pdf_id=8

J. Licandro et al.: (65) Cybele: detection of small silicate grains, water-ice, and organics

spectrum of Themis and Cybele is indicative of a difference
in the composition of the organics, which is also compat-
ible with the observed difference in the observed color of
both asteroids in the visible and near-infrared where Cybele
is redder than Themis spectrum.

5. No hydrated silicates are detected in the 2—4 um spectra of
Cybele, suggesting that most of the silicates in the surface of
this asteroid are anhydrous. This is also consistent with the
structure observed in the 7-14 um spectrum. The similar-
ity in the 2—4 um spectra of the outer belt asteroids Cybele,
Themis and Ursula is in agreement with Jones et al. (1990)
that suggest that the hydrated silicate abundance in C-class
asteroids declines with distance to the Sun.

6. Cybele’s surface is covered by a fine anhydrous silicate
grains, with a small amount of water ice and complex organic
solids. This is similar to comet surface were non-equilibrium
phases coexist, e.g. water ice and anhydrous silicates, thus
we conclude that this is a very primitive object. The pres-
ence of water-ice and anhydrous silicates is indicative that
hydration has not occured or is incomplete, suggesting that
the temperatures were always sufficiently slow.

7. The surface of Cybele has similarities to that of Themis and
to the surface of Trojan asteroids. More studies are needed to
determine any possible link between Themis family, Cybeles
and Trojan asteroids. For example, higer S/N spectra of
Trojan asteroids in the 2—4 um region than those in Emery
et al. (2006) are needed to detect possible water ice and or-
ganic absorptions like those reported in Themis and Cybele.
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