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ABSTRACT

Aims. The goal of this work is to investigate the composition of the surface of (50000) Quaoar and its spatial variability.

Methods. We present new continuous spectra from the visible to near-IR (0.3—2.3 um) obtained with the X-Shooter instrument at the
VLT-ESO at four different epochs on the surface of Quaoar. The data represent the highest spectral resolution data ever obtained for
this object and the first near-IR dataset acquired in a single exposure over the entire wavelength range. They are complemented by
previously published photometric observations obtained in the near-IR (3.6, 4.5 um) with the Spitzer Space Telescope, which provide
an extra set of constraints in the model calculation. Spectral modelling was performed for the entire wavelength range by means
of a code based on the Shkuratov radiative transfer formulation and of an updated value of albedo obtained from recent Herschel
observations.

Results. We obtained compositional information for different observed areas that can cover about 40% of the assumed rotational
period of 8.84 h. Our analysis helps to prove the presence of CH4 and C,Hg, as previously reported, along with indications of the
possible presence of NH;-H,O. New evidence of N, is inferred from the shift in the CH, bands. The albedo at the two Spitzer bands
suggests there may be CO diluted in N,, and CO, for one of the surface locations.

Conclusions. The spectral similarities indicate the overall homogeneity of the surface composition of one hemisphere of Quaoar,
while some subtle variations are apparent when modelling. The presence of NH3-H,O would support the idea that Quaoar’s surface

may be relatively young.

Key words. Kuiper belt objects: individual: (50000) Quaoar — techniques: spectroscopic

1. Introduction

The possibly dwarf planet (50000) Quaoar is one of the largest
classical trans-Neptunian objects (TNOs) in a binary system,
and it has a small satellite named Waywot with a size that is
about 5% of the primary. It appears to be a particularly fascinat-
ing object in the outer solar system with an estimated density
of 1.99+0.46 gcm™ derived from the first multi-chord stel-
lar occultations by Braga-Ribas et al. (2013), which is signifi-
cantly lower than the one proposed by Fraser et al. (2013a), and
it agrees with the determination by Fornasier et al. (2013) esti-
mated on the basis of the new Herschel far-IR data.

A first estimation of its diameter of 1260 + 190 km was ob-
tained by Brown & Trujillo (2004) from direct imaging with
the HST, while a recent determination obtained with Herschel
observations together with revised Spitzer data reported a diam-
eter of 1036 +31 km with an albedo of 12.7% (Fornasier et al.
2013). Braga-Ribas et al. (2013) reported a preferred solution
for the effective diameter of 1111 + 5 km obtained from a multi-
chord stellar occultation. The size of (50000) Quaoar is compa-
rable to Pluto’s moon Charon.

* Based on observations made with ESO Very Large Telescope under
programme ID 091.C-0057(A).

Article published by EDP Sciences

The rotational period was first estimated to be approximately
17.68 h by Ortiz et al. (2003) with a double-peaked lightcurve,
while later a period of 8.84 h with single peak solution was
proposed by Rabinowitz et al. (2007) and considered also pos-
sible by Thirouin et al. (2010). Several spectroscopic observa-
tions have been carried out by different authors using Subaru,
Gemini, and VLT-Sinfoni (Guilbert et al. 2009). The first near-IR
(NIR) observations were obtained by Jewitt & Luu (2004), who
recognized the presence of crystalline H,O and claimed the de-
tection of a weak absorption possibly associated with ammonia
hydrates. The presence of crystalline H,O ice and ammonia hy-
drates on a surface can be key in understanding the processes
acting on it. Both are indicative of a young surface possibly
refreshed by cryo-volcanic activity. The accurate fitting model
by Dalle Ore et al. (2009) on high quality data reported a sur-
face composition containing crystalline water ice, CHy, as well
as possibly C,Hg and organic materials, products of irradiation
of CHy. The band at 2.2 um was present in the observations of
Dalle Ore et al. (2009) and was fitted by their model. However, it
was attributed to CHy, as previously done by Schaller & Brown
(2007a), instead of ammonia hydrates. To understand the di-
chotomy between volatile-rich and volatile-free surfaces in the
outer solar system, Schaller & Brown (2007b) constructed a
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simple model of atmospheric escape of volatile ices over the
age of the solar system. They claimed that while most TNOs
are too small and warm to retain their initial volatile ices to the
present day, a small number are large and cold enough to main-
tain these ices on their surfaces. Quaoar and a few other objects
are predicted to be in the transition region where they may have
lost some of their volatile components (N;) but retained others
(CHa).

Quaoar, classified as RR type (Barucci et al. 2005) with its
very red spectral slope (Fornasier et al. 2004; Alvarez-Candal
et al. 2008), also appears to be rich in more complex irradiation
products. Its red surface is likely due to the continued surface ir-
radiation of CHy, C,Hg, and their products. When assuming that
Quaoar has a moderate obliquity, CH, should be volatile enough
to seasonally migrate, while C,Hg and other irradiation prod-
ucts would be non-volatile at Quaoar’s temperature. Brown et al.
(2011) hypothesize that Quaoar’s red coloration could be associ-
ated with CH3OH, because when irradiated, this ice is known to
produce a red residue (Brunetto et al. 2006). Recently, Dalle Ore
et al. (2015) have focused on “ultra-red” TNOs and Centaurs.
They report that hydrocarbons and/or methanol may be present
in the group considered, in support of the Brown et al. (2011)
hypothesis. With their observations of Quaoar at a close passage
with a background star, Fraser et al. (2013b) do not find indica-
tion of an isothermal N, or CO atmosphere, but could not rule
out the possibility of a tenuous CH4 atmosphere. Braga-Ribas
et al. (2013) set an upper limit of about 20 nbar surface pres-
sure for a global atmosphere of pure methane from multi-chord
stellar occultations by Quaoar, but they did not exclude a local,
denser atmosphere.

If we assume continuous irradiation processes on Quaoar’s
surface, the current presence of CH, seems to imply that the ice
is being renewed or preserved there. Otherwise, CH4 should be
completely altered as proposed by Moore & Hudson (2003) and
Hudson et al. (2009). To substantiate the presence of methane
on its surface and to investigate whether Quaoar is therefore
likely to have an irregular covering of irradiation products, we
performed new observations of different regions of the surface
in spite of the difficulty in defining the different rotational longi-
tudes due to the uncertainty of the rotational period.

In this paper we present observations obtained with a new-
generation spectrograph recording simultaneously from ultravi-
olet to NIR (0.3-2.3 um), optimized to detect surface variations.
The data are complemented by previously published photomet-
ric observations (Dalle Ore et al. 2009) obtained in the NIR (3.6,
4.5 um) with the Spitzer Space Telescope. Along with the up-
dated visible albedo determined by Fornasier et al. (2013), the
Spitzer data provide an extra set of constraints in the model cal-
culation process. For each of the four spectra, we performed
spectral modelling first in the entire wavelength range from 0.3
to 2.3 um by means of a code based on the Shkuratov et al.
(1999) radiative transfer formulation of the slab model, then by
adding the Spitzer data for additional constraints.

2. Observations and data reduction

Observations were performed in August 2013 at the ESO-VLT
in service mode. We used the X-Shooter' instrument, an echelle
spectrograph (Vernet et al. 2011) designed to obtain a spectrum
from the near-ultraviolet up to the NIR simultaneously by split-
ting the incoming light into three beams redirected to different

' http://www.eso.org/sci/facilities/paranal/
instruments/xshooter/
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Table 1. Observational circumstances.

Objects Date obs. (UT) Exptime (s)  Airmass range
Quaoar01  2013-08-05T01:32 4 % 900 1.014-1.066
Quaoar02  2013-08-05T02:45 4 %900 1.078-1.240
SA110361  2013-08-05T03:56 4 %30 1.185-1.200
HD147284  2013-08-08T00:43 4x3 1.016-1.020
Quaoar03  2013-08-08T00:58 4 % 900 1.013-1.039
Quaoar04  2013-08-08T02:10 8 x 600 1.047-1.253
SA110361  2013-08-08T03:48 4 %30 1.192-1.207

arms: ultraviolet-blue (UVB), visible (VIS), and NIR. We used
the SLIT mode, selecting slit widths of 1.3, 1.2, and 1.2 arcsec
for the UVB, VIS, and NIR arms, respectively, and nodding on
the slit. Along with Quaoar, we observed the stars SA 110-361
and HD 147284, used as standard stars to remove telluric and
solar signatures. Exposure times and airmasses are shown in
Table 1.

All data were reduced using the pipeline provided by
ESO v.2.0.0. This produces, arm by arm, master flat fields, wave-
length maps, and distortion maps and combines the different ex-
posures and sky subtraction. The final spectra were extracted
using the apall task within the IRAF package. Quaoar’s spec-
tra were divided by those of SA 110-361. We note that the ra-
tio of the two standard stars observed on August 8 is flat, and
the resulting spectra were cleaned of remaining bad pixels, as
well as re-binned to increase the signal-to-noise ratio (S/N). See
Alvarez-Candal et al. (2011) for more details.

3. Data analysis

We present new visible to NIR (0.3-2.3 um) spectro-
photometric data obtained with the X-Shooter instrument at the
VLT-ESO facility in four different epochs on the surface of
Quaoar. The newly obtained data cover about 40% of the ob-
ject’s rotation with the assumption that the rotational period is
8.84 h. The observations show a strong similarity among the
surface spectra, as shown in Fig. 1 (Q1-Q4 spectra). The spec-
tra are compared with a previously obtained spectrum (Q2008
in Fig. 1) also acquired at the VLT-ESO facility, but with differ-
ent instruments (FORS for the visible, ISAAC for the J-band,
and SINFONI for the H- and K-bands) whose spectra were ad-
justed by means of photometric colours (Dalle Ore et al. 2009).
The advantage of the X-Shooter spectrograph is in the simul-
taneous spectrum acquisition from the visible to the NIR, re-
sulting in the more accurate spectral information needed to in-
vestigate surface composition. Moreover, the resolving power
of X-Shooter, almost 4000 in the NIR arm, is greater than for
Sinfoni (at most 1500).

When closely inspected, new and previously analysed
(Q2008) datasets show slight differences in the visible slope.
The slopes of the four new observations were computed on
the reflectance spectra continuum using a standard least square
technique for a linear fit in the wavelength range between 0.5
and 0.8 um, as described in Alvarez-Candal et al. (2008), and
are reported in Table 2, along with the slope computed for the
previous observation (Q2008) by Alvarez-Candal et al. (2008).
Furthermore, the H,O band at 1.5-1.65 um appears to be
somewhat deeper than in the new datasets, hinting at a possi-
ble misalignment of the H- and K-bands in the Q2008 data.
Consequently, a somewhat different composition is expected
from modelling the new data.
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Fig. 1. Five spectra of (50000) Quaoar (solid lines) with their corre-
sponding spectral models (dotted lines) calculated for the spectral re-
gion shown and giving most weight to the H-band. Spectra labelled Q1
through Q4 are newly obtained (observing circumstances are reported
in Table 1), while Q2008 is the spectrum analysed in Dalle Ore et al.
(2009). The spectra are represented in albedo using the value reported
by Fornasier et al. (2013) with the correction as described in Sect. 3. The
top four spectra have been shifted by +0.2, +0.4, +0.6, and +0.8 units
for clarity.

The spectral data are complemented by previously published
photometric observations (Dalle Ore et al. 2009) obtained in the
NIR (3.6, 4.5 um — IRAC data) with the Spitzer Space Telescope,
which provide an extra set of constraints in the modelling pro-
cess. However, the different observing dates and the uncertainty
of the rotational period preclude establishing the spatial consis-
tency between the two sets, thus introducing an extra level of
uncertainty in the modelling effort. An albedo value of 12.7%
(Fornasier et al. 2013) was adopted for both spectral and photo-
metric datasets adjusted to a value of 11.2%, which corresponds
to a phase angle of about 2°. This was done, following Dalle Ore
et al. (2015), to adjust for the coherent backscattering effects
(CBE) that are likely to affect Quaoar’s albedo when observed at
phase angles smaller than 2° (Rabinowitz et al. 2007), as in the
case of the adopted V albedo. Since the albedo level has a direct
influence on the number of ices inferred by the models, taking
the CBE effect into account and correcting to the proper, slightly
lower albedo, increases the precision of our modelling results.

4. Modelling

Spectral modelling was achieved by means of a radiative trans-
fer code based on the Shkuratov formulation of the slab ap-
proximation (Shkuratov et al. 1999). The best-fitting models de-
scribed in Table 3 are intimate (salt and pepper-like) mixtures
that include some molecular or intra-mixtures of tholins and ice

Table 2. Computed slopes in the visible spectra.

Objects S(%(100 nm)~')  Error
Quaoar(01 27.6 +0.3
Quaoar(02 279 +0.2
Quaoar03 25.8 +0.1
Quaoar04 26.1 +0.5
Quaoar2008* 28.5 +0.8

Notes. ) The slope reported for the spectrum Q2008 is the value com-
puted by Alvarez-Candal et al. (2008) for the visible spectrum adopted
in Dalle Ore et al. (2009).

where the refractive index is calculated by means of the “effec-
tive medium” approximation (Bohren & Huffman 1983; Wilson
et al. 1994; Cuzzi & Estrada 1998). Molecular mixing has its
main effect on the visible part of the spectrum, which explains
the need for more (triton) tholin in the mixtures along with the
fraction contributing in the molecularly mixed part. Required in-
put to the calculations are optical constants, the real and imagi-
nary index of refraction of each material, the relative amounts of
the components, and their grain sizes. All parameters are listed
in Table 3, along with the optical constant references.

As noted, the new dataset is complemented by previously
published photometric Spitzer observations, although the signif-
icantly different observing dates between the two sets introduce
uncertainty into the accuracy of the conjoined data. The Spirtzer
set extends the wavelength range, offering further constraints
for the modelling. This is particularly true for the inclusion of
ices whose fundamental bands fall at wavelengths longer than
2.5 um, as described in Dalle Ore et al. (2015). Therefore, to
take full advantage of both datasets, we approached the mod-
elling in two steps: a) we first modelled the spectral data giving
no weight to the Spitzer photometry to determine the degree of
homogeneity of Quaoar’s surface; b) the second step consisted
in revisiting the models including the Spitzer photometry and
attempting to model the entire spectrum to determine whether
other ices whose dominant signatures fall at longer wavelengths
could be contributing to the spectrum while still going unde-
tected (Dalle Ore et al. 2015). We were successful at obtaining a
good fit throughout the whole spectrophotometric range for two
of the four datasets, Q2 and Q4.

4.1. Modelling of spectral data

The main goal of this part of our analysis was to determine the
amount of compositional variation among the different spectra,
i.e. at different longitudes on Quaoar. For each of the four spec-
tra, we modelled the wavelength range from 0.3 to ~2.3 um,
giving the most weight to the H-band where the S/N is high-
est for all four spectra. Given the large number of components
present in the models, convergence to a best fit was often diffi-
cult because the root mean square (rms) for different models did
not vary sufficiently. To obviate the problem when choosing be-
tween models with comparable rms, we adopted the model that
yielded the best fit to the H-band region of the spectrum.

Table 3 lists the parameters characterizing the models that
best-fitted the spectral data. The first three lines in the table
list the amounts of contamination included as molecular mix-
tures in CHy diluted in N, in pure CH4 (where present), and in
crystalline H,O ice. The remaining components were mixed inti-
mately in the proportions shown in the table. The fits are shown
in Fig. 1. When looking at the components, it is evident that
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Table 3. Summary of best-fitting models for Quaoar spectra observed in 2013, and the best-fitting Q2008 model (Dalle Ore et al. 2009).

Components (7) Q1 Q2 Q3 Q4+Spitzer?  Q2+Spitzer Q2008 Ref.
Titan tholin® 0.13 0.03 0.05 0.08 0.13 0.12 1
Triton tholin® 0.10 - - - - 0.06 2
Triton tholin® 0.10 0.10 0.10 0.08 0.08 0.03 2
H,0 amorph (40 K)?  0.02(10) - - - - 0.18(1) 3
Titan tholin? - - - - - 0.13(11) 1
H, 0 cryst (40 K)? 0.07(61) 0.07(26) 0.08(31) 0.18(16) 0.06(18) 0.18(15) 3
C,Hg in N,¢ 0.04(20) 0.02(80) 0.02(80) - 0.02(31) 0.04(7)* 8
Triton tholin? 0.39 (7) 0.38(10) 0.39(8) 0.39(8) 0.36(7) 0.14(7) 2
N, (36-60 K)? 0.02(200)  0.03(400)  0.02(200)  0.02(200) 0.03(200) 0.20(1610) 4
CH, (30-35 K)¢ 0.09(30) - - - - 0.13(9) 5
CH, in N,¢ 0.11(70) 0.24(60) 0.21(60) 0.15(85) 0.21(80) - 8
COin Ny? - - - - 0.05(150) - 8
AC? 0.14(20) 0.11(20) 0.14(20) 0.14(20) 0.11(20) - 6
CO,? - - - - 0.04(100) - 9
NH;.H,0% 0.12(27) 0.15(30) 0.14(25) 0.12(20) 0.12(65) - 7
rms’ 79x107% 1.8x1073 3.1x1073 6.1x10™ 1.5x 1073 1.1x10™

Notes. ” Material mixed as inclusions in CHy ice diluted in N,. > Material mixed as inclusions in pure CHy ice. > Material mixed as inclusions
in crystalline H,O ice.  Material mixed intimately with grain size in parenthesis. Grain size is in um for all materials except N,, for which it is
in mm. Temperature listed after the name of the component. > The adopted optical constant are for a dilution of 3% NH3 in H,O. ) rms error
of each model when compared to the data. > The best-fitting model of Q4 is the same of Q4+Spitzer. * In this model C,Hj is pure rather than

diluted in Nj.

References. (1) Imanaka et al. (2005); (2) Khare et al. (1994); (3) Mastrapa et al. (2009); (4) Green et al. (1991); (5) Grundy et al. (2002);
(6) Rouleau & Martin (1991); (7) Roush (Brown et al. 1988); (8) Quirico et al. (1999); (9) Hansen (1997, 2005).

the variations among the four best-fitting models are small or
nonexistent for most materials. The main exception is an excess
of crystalline H,O ice in Q4 with respect to the other models,
which compensates for an apparent shortage of CHs and CHy
diluted in Nj.

Among the ices, CHy, C,Hg, and H,O have all been detected
previously (Schaller & Brown 2007a,b; Jewitt & Luu 2004). The
presence of N, had been inferred based on best-fitting models in
the Spitzer bands by Dalle Ore et al. (2009). In this work N is
not only needed to improve the fit in the NIR, but its presence
is supported by the fact that CHy, and C;Hg show bands that are
shifted by an amount corresponding to what is expected when
those ices are mixed in an N, matrix. The need for CHy diluted
in Ny is clearly shown in Fig. 2, where the dashed line, highlight-
ing the behaviour of the pure CHy ice, is shifted to the right of the
1.67-um band. The wavelength shift due to the CH4:N;, matrix
effect is most clearly seen in the 1.67-um band, but the profile
of this band is affected by the 1.65-um H,O ice band. This co-
incidence of bands also occurs in the spectrum of Triton (Fig. 4
of Cruikshank et al. 2000), causing the centroid of the resulting
band to lie at ~1.657 um. The centroid of the band on Quaoar
is ~1.654 um, in satisfactory agreement with the Triton result,
and thus confirms that the CHy on Quaoar is dissolved in the
N, matrix. Figure 2 shows the Q1 best-fitting model, which in-
cludes both pure and diluted CHy4. The absence of pure CHy in
the models Q2, Q3, and Q4 also agrees with the new interpreta-
tion of Pluto’s near-surface ice by Trafton (2015).

The presence of NH3-H,O is proposed here and supports
the claim by Jewitt & Luu (2004), that the presence of am-
monia hydrates explains a feature at ~2.2 um. The same band
was later attributed to CH4 by Schaller & Brown (2007a,b).
The NH3-H,O presence is now deduced not only from the weak
band at 2.21 pym but also from the relative strength of the 2.0-
and 1.5-um H,O bands. If only H,O is included in the mod-
els and the model is optimized to fit the 1.5-um band, then the
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Fig. 2. Spectrum zoom of (50000) Quaoar (Q1, solid line) and corre-
sponding best-fitting spectral model (dotted line, described in Table 3)
and equivalent model calculated with pure CH,4 alone (dashed line).

corresponding 2.0-ym band is too shallow compared to the ob-
servations shown in Fig. 3. The addition of NH3-H,O in the
amounts shown in Table 3 brings the depth of the 2.0-um band
to fit the data. However, we should also note that some part of
the discrepancy in depth between the two H,O bands could be
caused by the contribution of sub-micron particles introducing
a Rayleigh scattering component to the spectrum (Clark et al.
2012). Such a component would be missing from our model as
the adopted modeling code does not include a Rayleigh scatter-
ing module and might introduce the observed mismatch between
the model and the observations.

A small amount of amorphous H,O ice is present in the best-
fitting model of one of the four new datasets (Q1). Amorphous
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Fig. 3. Spectrum zoom of (50000) Quaoar (Q1, solid line) and corre-
sponding best-fitting spectral model (dotted line, described in Table 3)
and equivalent model calculated without NH;-H,O (dashed line). The
lack of NH;-H,O prevents the model from properly fitting the bottom
of the 2-um band.

H,0 is expected to be present on the surface of bodies that
have been exposed to radiation or particle bombardment, caus-
ing the change from crystalline to amorphous ice in a timeframe
of ~107 yr (Jewitt & Luu 2004; Cooper et al. 2003; Mastrapa
et al. 2013). The predominance of crystalline ice might there-
fore indicate the relatively young age of Quaoar’s surface, as
previously suggested by Jewitt & Luu (2004). This is supported
by the presence of NH3-H,O which is also unstable so possibly
a young component of the surface. The crystalline H,O ice and
ammonia hydrates detected in the case of Charon allowed Cook
et al. (2007) to argue that surface renewal is needed.

Predicted for objects with red spectra (Brown et al. 2011),
CH3O0H is not found in any of the four spectra, implying that the
presence of this ice is not a necessary condition for reddening
TNO'’s surfaces. Other ices, in particular CH4 (Brunetto et al.
2006), have been shown to be plausible precursors for reddening
of these surfaces, as also noticed by Dalle Ore et al. (2015).

4.2. Modelling spectral and Spitzer data

Because of the relatively small variations in surface composition
obtained from the spectral fitting, we made use of the Spitzer
photometry in conjunction with spectral data not necessarily
from the same geographical region. The limitation of this ap-
proximation is further emphasized by the fact that the Spitzer
data taken in two different epochs show a discrepancy in the
4.5-um band. Keeping this in mind, the spectral data were given
more weight in the model calculations than the Spitzer data, and
of the four sets of observations, only two, Q2 and Q4, could
be fitted with models that were a good match to both the spec-
trum and the Spitzer bands. The Spitzer photometry consists of
two sets of observations taken at slightly different times to cover
different parts of the surface. However, based on the hypothe-
sis that the surface is to some extent homogeneous and on the
fact that the uncertainty in the rotational period precludes the
longitudinal placement of the different observations, we adopted
the average of the two observations for each band. In the case
of Q4, the best-fitting model to the spectral region matches the
Spitzer bands with no need of additional components; its param-
eters are listed in Table 3 in the Q4 column. Instead, for Q2,

: (50000) Quaoar: Surface composition variability
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Fig. 4. Bottom spectrum: (50000) Quaoar (Q2, solid line) with Spitzer
photometry data (triangle and diamond symbols) obtained at two dif-
ferent epochs plotted with the corresponding best-fitting spectral model
(dashed line, parameters are listed in Table 3, column Spitzer) that in-
cludes CO diluted in N, and CO,. The best-fitting model for the spectral
dataset without CO and CO; is also overlapped and shown for compar-
ison (grey dotted line, parameters are listed in Table 3, column Q2).
Both models, convolved by the Spitzer IRAC filter bandpasses (hori-
zontal segments), are shown as crosses (black and grey, respectively).
Top spectrum: (50000) Quaoar (Q4, solid line) and corresponding best-
fitting spectral model (dotted line, parameters are listed in Table 3, col-
umn Q4). The model, convolved by the Spitzer IRAC filter bandpasses
(horizontal segments), is shown as black crosses. The top spectrum has
been shifted by +0.1 units for clarity.

the best fit was achieved with the addition of CO and CO ice,
as shown in Table 3 under the Spitzer column. The best-fitting
models to the entire wavelength range are shown in Fig. 4, where
the fit to Q2 is shown with the one to Q4. The models were con-
volved to the instrumental profiles of the IRAC bands and are
shown in the figure as crosses embedded in a horizontal line rep-
resenting the bandpass. While the introduction of CO in N, and
of CO,, whose contributions darken the albedo at the second
Spitzer band, helps to achieve a good fit, it is not sufficient to
determine whether these ices are indeed present on the surface
of Quaoar. This is due to the uncertainties in matching the spec-
tra to the IRAC bands, as well as to the fact that, unfortunately,
both CO, and CO bands — both shifted and unshifted — fall in the
noisy part of the new spectral data and therefore do not allow for
a definitive detection and determination of their presence. In the
calculations, we adopted CO in N», but we do not have any ev-
idence of the diluted versus the pure CO. The amounts listed in
Table 3 for these ices should be considered as upper limits deter-
mined by their contribution to the model. A better signal in the
~2 pm region is needed to assess the presence of these ices.

4.3. Comparison with previously published model

To properly compare the models, we should first summarize the
differences between the old dataset and the new. The old data
were taken with different instruments and had to be scaled to the
proper albedos by means of photometric measurements. The new
data are instead observed as a single spectral unit. Another im-
portant difference is in the V albedo adopted for the old and new
datasets. The old albedo was higher (19.9%) than the currently
adopted one (12.7% adjusted for phase angle consistency with
the data to 11.2%). Also, the slope of the old data was slightly
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steeper than those of the new dataset. The greater resolving
power of X-Shooter compared to Sinfoni allows us to detect the
wavelength shifts in the CH,4 bands better because the bottom of
the absorption bands are better resolved.

The previously published Quaoar model by Dalle Ore et al.
(2009) is listed in Table 3 (column Q2008) along with the mod-
els that fit the new datasets best. A comparison among the mod-
els shows a few differences that can, however, be explained
to some degree. When inspecting the table from the top, the
first noticeable discrepancy is in the relative amounts of tholins
mixed with CHy and H,O. Compared to the new models, the
old one includes a smaller relative amount of this red compo-
nent. However, the amounts of CHy and H,O are larger in the
old model, therefore ultimately supplying more reddening mate-
rial to the surface. The amount of triton tholin mixed intimately
is also smaller in the Q2008 model, but titan tholin also con-
tributes, although it is not present in the new models.

The next significant discrepancy is in the amount and grain
size of amorphous H,O ice included in the Q2008 model. The
ice was included to help fit the Spitzer bands, but a non-physical
small grain size had to be adopted to achieve the goal. Dalle Ore
et al. (2009) conclude that the surface composition might still
be missing some components. However, while we had tested
CO and N;, which helped but not enough, we had not con-
sidered CO,. In our current model of Q2 fitting the Spitzer
bands (Table 3, Spitzer column), we achieved the desired fit
with acceptable grain sizes by including all three ices. This
could be considered as further evidence of these ices on Quaoar.
Furthermore, the significantly larger amount of N, adopted in
the Q2008 model than in the new models can also be justified
because of the need to fit the Spitzer bands as stated in the orig-
inal paper.

The different (larger) amounts of crystalline H,O in the
Q2008 model can be justified by the previously adopted higher
V albedo requiring more ices to fit the overall albedo level. CH4
was also higher in the old model, but when both pure and N,
diluted CHy4 are considered the new models are not very differ-
ent from the old. C,Hg was included pure in the old model and
is diluted in N, in the new models. The S/N of the new data is
unfortunately not sufficient to establish whether this is the cor-
rect C;Hg form. We adopted it more for consistency with the
other ices than as a detection. The amounts among the models
are consistent.

Lack of amorphous carbon (AC) in the Q2008 model is prob-
ably due to the difference in V albedo, which is much darker in
the new dataset. Finally the addition of NH3-H,O to the new
models reflects the importance of the entire spectrum being ob-
served simultaneously. The misalignment of the H- and K-band
precluded any inference as to the presence of NH3-H,O in the
old dataset.

5. Discussion and conclusions

New simultaneous spectra from the visible to NIR (0.3-2.3 um)
obtained with the X-Shooter instrument at the VLT-ESO have
been presented, along with models that describe the surface of
Quaoar. The observations were taken at four different longitudes
covering about 40% of Quaoar’s rotation (in the hypothesis of
a single peak period of 8.84 h). The spectra are very consis-
tent, which implies homogeneity of the surface composition on
one hemisphere of Quaoar. The homogeneity is also supported
to some degree by the best-fitting models calculated with a ra-
diative transfer code. However, the newly obtained spectra show
some discrepancy with the 2008 observation of Quaoar, shown
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as Q2008 in Fig. 1, mostly in the shape of the slope in the visible
and with a deeper band at 1.5—1.65 um. The uncertainty of the
rotational period does not allow the corresponding longitude of
the spectrum Q2008 to be determined unlike for the new obser-
vations. Therefore it is possible that the spectral variations could
be because we sampled different terrains but also because the
2008 observations were not obtained simultaneously with three
different instruments.

A detailed comparison of compositions deduced from mod-
elling the Q2008, as well as models of the four new spectra
seems to indicate a fairly consistent composition with a few
justifiable exceptions, further supporting the idea of a homo-
geneous surface. Prompted by this result, we proceeded to in-
clude the Spitzer IRAC data previously published by Dalle Ore
et al. (2009), with the new spectral data used to constrain the
composition of the surface better. New indications of the pres-
ence of N, on Quaoar’s surface were inferred from the shifts of
the CH4 bands, as expected when this material is embedded in
an N, matrix. CO in N; is only an upper limit since its bands
are hardly visible in a part of the spectrum where the S/N is
poor. Also, while we adopted CO in N, for our calculations, we
have no evidence that it is indeed the diluted versus the pure CO
contributing to the albedo at the Spitzer wavelengths. However,
the shifted bands of CHy4, in particular, and possibly C,Hg are
clearly aligned with those of ices diluted in N,. Pure CH4 bands
are also present in one spectrum. The coexistence of pure CHy
and CHy4 diluted in N, make Quaoar closer to Pluto than origi-
nally thought. Like CO in N,, CO; is also included in the model
only as an upper limit to match the data at the two Spitzer bands.
The comparison between the old Q2008 model and the new ones
offers further evidence of the presence of CO, either diluted or
pure, and CO; on Quaoar. In the old model, very small H,O ice
grains had to be adopted to fit the Spitzer data. With the inclusion
of CO in N; and CO; this is not necessary in the new model.

The confirmed presence of crystalline H,O ice and its abun-
dance over the amorphous H,O ice on this object may indi-
cate that our current understanding of the physics of the crys-
talline/amorphous phase transition may not be complete. The
ices detected on the surface of Quaoar may suggest that there
is an efficient renewal mechanism on its surface. Moreover, the
concurrent presence of NH3-H,O, also a very unstable ice on
the surface of TNOs, could imply that Quaoar’s surface might
be relatively young, as previously suggested by Jewitt & Luu
(2004). Shuchuko et al. (2014) describe the thermal evolution of
TNOs on the basis of their numerical simulations as a function
of the intensity of radiogenic heat and they predict the possi-
ble presence of cryovolcanism on Quaoar. Cook et al. (2007)
analysed possible mechanisms for surface renewal and also con-
clude that the presence of crystalline H,O ice and ammonia
hydrates on the surface of Charon might be evidence of cryo-
volcanism. Nevertheless, crystalline H,O ice has been observed
around young forming stars (Van Dishoeck 2004) and amply
discussed by Suh & Kwon (2013) and Dartois et al. (2015).
Consequently, we cannot argue that the mere presence of crys-
talline H,O ice implies cryovolcanism. However, the suggested
presence of NH3-H,O along with Quaoar’s size hints at the pos-
sibility that volcanism could occur on its surface, as has been de-
scribed for volatile-rich objects (Stevenson 2004). Alternatively,
crystalline H,O ice could be the product of impact gardening as
proposed by Porter et al. (2010) and NH3-H,O could be seep-
ing up to the surface of Quaoar by a diffusive mechanism, or
its spectral signature could be influenced by the presence of
sub-micron particles on the surface, as described by Clark et al.
(2012).
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Finally, the spectrum of Quaoar is consistent with that of a
cold object slowly losing the last of its volatile ices by escape in
a tenuous atmosphere.
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