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ABSTRACT

The sensitivity of ALMA makes it possible to detect thermal mm/submm emission from small and/or distant solar system bodies at
the sub-mlJy level. While the measured fluxes are primarily sensitive to the objects’ diameters, deriving precise sizes is somewhat
hampered by the uncertain effective emissivity at these wavelengths. Following recent work presenting ALMA data for four trans-
Neptunian objects (TNOs) with satellites, we report on ALMA 233 GHz (1.29 mm) flux measurements of four Centaurs (2002 GZs,,
Bienor, Chiron, Chariklo) and two other TNOs (Huya and Makemake), sampling a range of sizes, albedos, and compositions. These
thermal fluxes are combined with previously published fluxes in the mid/far infrared in order to derive their relative emissivity at
radio (mm/submm) wavelengths, using the Near Earth Asteroid Standard Model (NEATM) and thermophysical models. We reassess
earlier thermal measurements of these and other objects — including Pluto/Charon and Varuna — exploring, in particular, effects due
to non-spherical shape and varying apparent pole orientation whenever information is available, and show that these effects can be
key for reconciling previous diameter determinations and correctly estimating the spectral emissivities. We also evaluate the possible
contribution to thermal fluxes of established (Chariklo) or claimed (Chiron) ring systems. For Chariklo, the rings do not impact the
diameter determinations by more than ~5%; for Chiron, invoking a ring system does not help in improving the consistency between
the numerous past size measurements. As a general conclusion, all the objects, except Makemake, have radio emissivities significantly
lower than unity. Although the emissivity values show diversity, we do not find any significant trend with physical parameters such
as diameter, composition, beaming factor, albedo, or color, but we suggest that the emissivity could be correlated with grain size. The

mean relative radio emissivity is found to be 0.70 + 0.13, a value that we recommend for the analysis of further mm/submm data.
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1. Introduction

Size determinations of Kuiper Belt objects (KBOs) are now
available for well over a hundred objects. Stellar occultations
provide by far the most accurate method, whereby multiple
chords with kilometric accuracy, combined with light curve in-
formation, may yield three-dimensional shapes and even topog-
raphy (e.g., Dias-Oliveira et al. 2017). For objects with known
mass (i.e., those having a much smaller satellite), this permits
a precise determination of the density, the most important geo-
physical parameter, bearing information on formation mecha-
nisms (Brown 2013a). The occultation technique also provides
the unique potential to probe an object’s environment (rings,
dust; Braga-Ribas et al. 2014; Ruprecht et al. 2015) with sensi-
tivity far superior to direct imaging. Although growing in num-
ber at a steady pace thanks to constantly improving occultation-
track predictions, these studies have been however so far limited
to a dozen objects or so, in particular due to the practical

Article published by EDP Sciences

involvement required to organize multi-site campaigns (a list of
successful occultations can be found in Santos-Sanz et al. 2016;
Leiva et al. 2017).

Thus, until now, most size determinations have been ob-
tained by thermal radiometry, whereby an optical measurement
is combined with ore or more thermal measurement(s) to de-
rive an object’s diameter and albedo. After pioneering attempts
from the ground (starting with Jewitt et al. 2001, for Varuna)
and with the Infrared Space Observatory (ISO), most mea-
surements were achieved from Spitzer (~60 objects at 24 and
70 um; Stansberry et al. 2008; Brucker et al. 2009) and Herschel
(~120 objects at 70-160 pm, plus ~10 of them at 250-500 pm;
Lim et al. 2010; Miiller et al. 2010; Santos-Sanz et al. 2012;
Vilenius et al. 2012, 2014; Mommert et al. 2012; Fornasier et al.
2013; Lellouch et al. 2013; Duffard et al. 2014; Lacerda et al.
2014, and a few other papers dedicated to specific objects).
About 50 Centaurs/scattered disk objects were also detected by
WISE (Bauer et al. 2013, at 12 and/or 22 um). The strength
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of these measurements is in their multi-wavelength character,
which by sampling both sides of the Planck peak, provides infor-
mation on the object’s thermal regime, significantly alleviating
important uncertainties on the size determination.

After the demise of these spaceborne facilities, and at least
until JWST/MIRI observations become available, ALMA (the
Atacama Large Milimeter Array) is the tool of choice to mea-
sure thermal emission from small and/or distant solar system
bodies. The primary strength of this mm/submm facility is in
its sensitivity. Moullet et al. (2011) estimated that ~500 of the
known KBOs at that time were detectable by ALMA, with a
50 detection limit of D = 200 km at 40 AU and D = 400 km
at 70 AU for 1 h on source. Consistent with these numbers,
Gerdes et al. (2017) used ALMA (3 h on source) to detect the
newly discovered 2014 UZyy4 at 92 AU with S/N of 7 and in-
ferred a ~635 km diameter. Thus ALMA should be capable of
considerably expanding the sample of trans-Neptunian objects
(TNOs) with measured diameters. Observations at mm/submm
wavelengths can be in principle multi-band, but are not very sen-
sitive to the temperature distribution. This is both a disadvan-
tage — information on the object thermal inertia is unlikely to be
gained — and an advantage — the size determination is insensitive
to details of the thermal modeling. The more serious source of
uncertainty for the quantitative interpretation of mm/submm data
is the likely occurrence of “emissivity effects’ of various origins,
depressing the emitted fluxes to lower values than expected, and
possibly compromising the diameter determination (e.g., a 40%
lower than unity emissivity will cause, if not accounted for, a
20% underestimate of the diameter). Such effects are still poorly
characterized in the case of TNOs, although already apparent in
the far-IR (Fornasier et al. 2013; Lellouch et al. 2016). Recently
Brown & Butler (2017) observed four binary KBOs at ~230 and
~350 GHz with ALMA, and determined spectral emissivities at
these wavelengths systematically lower than the adopted bolo-
metric emissivity, with ratios in the range 0.45-0.92.

Here we expand the Brown & Butler (2017) study by report-
ing measurements of six additional Centaurs/TNOs with ALMA,
as well as re-interpreting several ancient or recent observations
of the same and other bodies (Pluto/Charon and Varuna in par-
ticular) from the ground. This study thus contributes to the long-
term goal of providing a benchmark description of the spectral
emissivity of TNOs, its physical origin, and how it may vary
with surface composition and other physical parameters, with
the practical application of helping the interpretation of future
observations of TNOs at mm/submm wavelengths.

2. ALMA observations

We obtained thermal photometry at 1.29 mm of four Cen-
taurs (2002 GZj3,, Chariklo, Bienor, Chiron) and two TNOs
(Huya and Makemake) with the ALMA 12-m array (pro-
posal 2015.1.01084.S). While the number of objects in this
study was necessarily limited due to telescope time constraints,
the targets were chosen so as to sample different classes
of albedo (from ~4% to ~80%), surface composition (wa-
ter ice, volatile ices, featureless spectra), color (from neutral
to red), and diameter (from ~200 to ~1500 km). Four out
of the six objects (i.e., all but Bienor and 2002 GZj3;) had
been investigated by Herschel/SPIRE, three of them (Chiron,
Chariklo and Huya) showing emissivity effects longwards of
~200 pum (Fornasier et al. 2013). Complementing the study by
Brown & Butler (2017) on four mid-size (D = 700-1100 km)
binary TNOs (Quaoar, Orcus, 2002 UX,s and Salacia), we em-
phasized Centaurs (four objects, with diameter 180-250 km),
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three of which had (or now have) shape and/or pole orientation
information, permitting more detailed modeling.

All observations were taken in the ALMA Band 6 (211-
275 GHz), in the continuum (“TDM”) mode. We use the stan-
dard frequency tuning for that band, yielding four 1.875-GHz
broad windows centered at 224, 226, 240 and 242 GHz. The
array was in a compact configuration (typically C36-2/3), yield-
ing a synthetic beam of ~0.8—1.2”, much larger than the object
themselves (<0.05”). All observations were obtained in dual po-
larization mode, with the two polarizations combined at the data-
reduction stage to provide a measurement of the total flux for
each object.

Interferometric observations require absolute flux calibrators
— for which well-modeled solar system planets or satellites are
optimum choices — as well as point-like secondary calibrators
for calibration of the atmospheric and instrumental amplitude
and phase gains as a function of time. Including calibration over-
heads, each observation lasted ~45 min, including ~19 min on
source. The requested sensitivity of 30 uJy was met or exceeded
for all sources.

Observational details for each object are given in Table 1.
Except in one case, when Titan could be observed, it turned out
that the standard absolute flux calibrators (Titan, Uranus, Nep-
tune, Ganymede, ...) were not accessible, therefore radio-source
(quasars) — and in one occasion asteroid 2 Pallas — were used in-
stead. Some of these quasars are actually variable, but routinely
monitored from various radio-telescopes, including ALMA, the
Sub-Millimeter Array (SMA) and the NOEMA (a.k.a. Plateau
de Bure) interferometer. As detailed in the Appendix, we took
great care in deriving the best flux estimates for these calibrators
at the time of our TNO measurements, as well as realistic error
bars on those.

Initial steps of the data reduction were performed in the
CASA reduction package via the ALMA pipeline (Muders et al.
2014), providing a set of visibilities as a function of baselines
between each antenna pair. Results were then exported into the
GILDAS package, under which the objects (targets and calibra-
tors) were imaged. Results of the imaging process for the six
targets are shown in Fig. 1. For each target, visibility fitting (us-
ing a point-source model) provided the flux density in each of
the four spectral windows, from which the flux at a 233 GHz
reference frequency (1287 um) and its standard deviation were
obtained. The latter was quadratically combined with the uncer-
tainty on the flux calibrator scale. In half of the cases (Huya,
Makemake, Chariklo), the precision on the calibrator flux was
the limiting factor on the final TNO flux accuracy. Details are
given in the Appendix. Overall, the precision of the measured
TNO flux ranges from 5% to 12%, being 8% on average.

3. Modeling

The essential approach to determining the radio emissivity of
the observed TNOs/Centaurs is to combine the modeling of their
mmy/submm flux with previous measurements from far-IR facil-
ities, namely Spitzer and Herschel (and WISE if available). For
most objects, in the absence of information on shape and/or ro-
tational parameters (spin period and orientation), we performed
standard NEATM (Near Earth Asteroid Standard Model) fits, as-
suming sphericity. For several objects, for which such informa-
tion may be available, we explored more detailed thermophysical
and non-spherical models. This is the case especially of Chariklo
and Chiron, for which we also investigated the possible contri-
bution of rings to the observed fluxes.
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Table 1. Observational details.

Object UT date (start/end) Ry A Integration  Beam (") Primary Secondary 233 GHz flux

(AU) (AU) time calibrator calibrator  density (mJy)
Huya 25-Jan-2016/11:41-12:04 28.51 28.55 1119s  1.30” x 0.97” Titan J1550+0527 0.614 +0.072

J1549+0237
2002 GZ3, 29-Jan-2016/11:32-11:55 18.17 18.62 1119s  1.26” x0.91” J1751+0939 J1733-1304 0.540 +0.026
Makemake 02-Mar-2016/06:54-07:16 52.44 52.62  1119s  1.09” x 0.86” J1229+0203 J1303+2433 1.185+0.085
Chariklo 05-Mar-2016/11:28-11:50 1529 15.62  1119s  0.84” x 0.75” J1924-2914 J1826-3650 1.286 +0.090
Chiron 26-Mar-2016/14:56—15:17 18.30 19.27 1119s  0.81” x 0.75" Pallas JO006-0623 0.311 +0.027
Bienor 15-May-2016/15:06-15:28 15.57 16.51 1119s  1.05” x 0.62” J0237+2848 J0238+1636 0.353 +0.029
2002 GZ32
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Fig. 1. ALMA 233 GHz images of the six targets, combining the four
spectral windows. The color bar indicates the flux scale (mJy/beam).

3.1. Spherical NEATM fits

We started with standard NEATM fits of the thermal data. In this
approach (Harris 1998), the thermal flux is calculated as the one
resulting from instantaneous equilibrium of the object (assumed
spherical) with solar insolation, but correcting the temperatures
by a semi-empirical beaming factor n, a wavelength-independent
quantity which phenomenologically describes the combined ef-
fects of thermal inertia, spin state, and surface roughness. The

NEATM approach is suitable when multiple thermal wave-
lengths are available; in this case 7 is, in essence, adjusted to
match the object’s SED. The local temperature is then expressed
as a function of solar zenith angle SZA:

S (1 _ ) 0.25
T(SZA) = (O—f”q] cos"2(SZA), )
nép rh

where S is the solar constant at 1 AU, r, is the heliocentric
distance in AU, and p,, g and ¢, are the object’s geometrical
albedo, phase integral, and bolometric emissivity, respectively.
Within NEATM, multiple thermal measurements are combined
with the H, magnitude to determine the object’s diameter, ge-
ometric albedo, and beaming factor. This still involves assump-
tions on g and €,. For TNOs, most models have used the g versus
p, dependence shown in Brucker et al. (2009) and a fixed €, of
0.9 or 0.95.

Herschel data include PACS 3-band (70, 100, 160 um) pho-
tometry for ~120 objects and SPIRE (250, 350, 500 um) 3-band
photometry for a much more restricted sample (~10 objects).
Out of the six objects in this study and the four objects observed
by Brown & Butler (2017), eight (i.e., all except 2002 GZ3, and
Bienor) are part of the SPIRE sample. Nonetheless, based on
Fornasier et al. (2013) who found that significant emissivity ef-
fects occur longwards of 200 um, we did not include the SPIRE
data when deriving the objects’ diameter, geometric albedo, and
beaming factor. For this purpose, we used only the Spitzer, Her-
schel/PACS (and WISE) data, which were fit simultaneously —
using the observing circumstances appropriate for each individ-
ual measurement — to derive the above three parameters. The flux
measurements from ALMA and SPIRE were then fit to derive
the relative spectral emissivity (i.e., €;/€,) at the corresponding
wavelengths (Fig. 2). H, magnitudes were taken from the litera-
ture, normally sticking to the values used in the Herschel “TNOs
are Cool” papers. For objects whose H, magnitude is known to
vary on orbital timescales (Chariklo, Chiron, and Bienor), we at
this point simply used the H, magnitude in the relevant time pe-
riod (i.e., 2006-2010), noting that the inferred p, is of limited
significance as being possibly affected by ring and/or dust con-
tamination; specifically we used H, = 7.30+0.2 for Chariklo,
5.92 +£0.2 for Chiron, and 7.57 + 0.34 for Bienor.

An important issue stressed by Brown & Butler (2017) is the
need to evaluate realistic error bars on the fitted parameters. With
respect to previous modeling of TNOs, their model included (a)
a Monte Carlo Markov chain (MCMC) approach, and (b) the in-
clusion of uncertainties on the input parameters g (adopting a
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Table 2. Spherical NEATM fit results.

Object Diameter Geometric Beaming Ref. for Relative mm/submm
(km) albedo factor submm/mm data emissivity

2002 GZs, 237+12 0.036fg:88§ O.97f8:8§ This work 0.80”:8:82 (1.29 mm)
Bienor 199f?2 0.041f8:8}g 1.58f8:}f This work 0.62f8:8; (1.29 mm)
Chariklo 241fg 0.037f8:88§ 1.20f8:(1)g This work 1.25f81?g (1.29 mm)
A01¢ 1.08f8:%g (1.20 mm)

Chiron ZIOﬁi}t 0.172f8:8§g 0.93f8:{8 This work 0.63f8:8; (1.29 mm)
J92¢ 0.81f8128 (0.80 mm)

A95¢ 0.55”_’8:}% (1.20 mm)

Huya 4583? 0.0SIfg:ggg 0.93f8:8§ This work 0.73f8:?g (1.29 mm)
2002 UXys” 69538 0.1041'8:8}(') 1.07’:8:(1)(7) BB17¢ 0.661’882 (0.87 mm)
0.65f8:8§ (1.30 mm)

Orcus® 960%5  0.2317097  0.9770% BB17¢ 0.75*0:97 (0.87 mm)
0.92f8:8g (1.30 mm)

Quaoar® 1071’:23 0.124f8:8%g 1.73’:8:{8 BB17¢ 0.68f8:8f1 (0.87 mm)
0.46f8:8§ (1.30 mm)

Salacia” 90933 0.042f8:883 1.15f8:(1)21; BB17¢ 0.62f8:82 (0.87 mm)

0.690% (1.30 mm)

References. @ A01: Altenhoff et al. (2001); BB17: Brown & Butler (2017); JL92: Jewitt & Luu (1992); A95: Altenhoff & StumpfF (1995). ® Ob-

jects from Brown & Butler (2017).

factor of 2 variability above and below the Brucker et al. (2009)
relationship) and €, (considering the 0.80—1.00 range instead of a
fixed value). For their four objects, they found somewhat differ-
ent — and larger by 25% on average — uncertainties compared to
the results of Fornasier et al. (2013). Here, we kept the technical
approach to error bars of Mueller et al. (2011) adopted in the se-
ries of “TNOs are Cool” papers, generating multiple datasets of
synthetic fluxes to be fitted and of the input model parameters,
based on the observational and model uncertainties. However,
in addition to the uncertainty on H,, we included uncertainties
in g and €, following Brown & Butler (2017). Consistent with
these authors, we found that the latter, here implemented as a
Gaussian distribution of ¢, with mean and rms values of 0.90
and 0.06, respectively, has a significant impact on the range of
solution parameters.

Spherical NEATM fits, including the retrieved emissivity
curves, are gathered in Fig. 2, with solution parameters given
in Table 2 for all our objects except Makemake, which is dis-
cussed separately below. We also include our solution fits of the
data presented in Brown & Butler (2017), mainly to verify the
consistency of our approach to theirs. In particular, allowing for
the uncertainty in the bolometric emissivity, we redetermine the
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equivalent diameters of 2002 UX,s, Orcus, Quaoar and Sala-
cia as 695*39 km, 960*33 km, 1071*33 km and 909*3% km, re-
spectively, to be compared with 698 +40 km, 965 +40 km,
1083 + 50 km and 914 + 39 km in Brown & Butler (2017). Ex-
cept for 2002 UX;s, for which our error bar is 25% smaller than
theirs', all diameter central values and uncertainties are fully
consistent. We are unsure of the reason for the slightly discrepant
result on the diameter uncertainty for 2002 UX,s, but feel that
the difference should not be overstated, as the resulting error on
the density would be only 13.5% if our error on the diameter is
adopted, versus 18.2% for the value of Brown & Butler (2017).
In any case, our results on the mm/submm emissivity of the four
objects, shown in the insets Fig. 2, also show excellent consis-
tency with Brown & Butler (2017; see their Fig. 6).

Prior to our ALMA measurements, two observations of
Chiron (Jewitt & Luu 1992; Altenhoft & Stumpff 1995, using
the JCMT and IRAM-30 m, respectively) and one of Chariklo
(Altenhoff et al. 2001, using IRAM-30 m) had been acquired
at mm/submm wavelengths, respectively in 1991, 1994, and
1999-2000. Observing parameters (geocentric and heliocentric

! For this object Brown & Butler (2017) mis-quoted a 40 km uncer-
tainty from Fornasier et al. (2013), while these authors gave 24 km.
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Fig. 2. Flux measurements, spectral energy distribution and relative emissivity spectra (in inset) for nine TNOs, including the four objects from
Brown & Butler (2017). Different colors show NEATM fits applied to the conditions of the different observations (Spitzer, Herschel, ALMA and

WISE).

distances) and fluxes can be found in these papers as well as in
Groussin et al. (2004). We apply our NEATM fit solution param-
eters to these observations to obtain additional determinations
of their mm/submm emissivity. Results are included in Table 2.
In spite of vastly different observational distances (e.g., Chiron
was at ~10.5-8 AU in 1991-1994 vs. ~18.5 AU in 2016, and
Chariklo was at ~13 AU in 1999-2000 vs. 15.5 AU in 2016),
these earlier measurements are nicely consistent with the emis-
sivities estimated from ALMA.

Of the nine objects presented in Fig. 2 and Table 2, eight
clearly show relative emissivities lower than unity. With an emis-
sivity of 1.25”_'81?(9) derived in this model from the ALMA data,
Chariklo seems to be an outlier. As we show in the following
section, however, this apparently anomalous emissivity can re-
sult from several factors that we will now study.

3.2. Chariklo: more detailed modeling

On June 3, 2013, observation of a stellar occultation by
Chariklo resulted in the discovery of rings around the body
(Braga-Ribas et al. 2014) and in the retrieval of entirely new
information on its shape. In addition to its huge significance
in itself, this observation adds valuable constraints here, mak-
ing possible a more detailed modeling of the object’s thermal
flux. Indeed (i) the ring orientation provides information on

Chariklo’s spin direction; (ii) information on Chariklo’s shape
permits us to consider non-spherical models; and (iii) based on
the rings physical characteristics deduced from the occultation,
we can estimate their thermal emission.

3.2.1. Thermophysical model

Braga-Ribas etal. (2014) report the pole orientation of
Chariklo’s ring system to be given by J2000 ap = 151.30° +
0.49°, 6p = 41.48° + 0.21°. A reasonable assumption is that
the body’s pole orientation coincides with the ring pole ori-
entation. Under this assumption, Chariklo’s sub-solar and sub-
earth latitudes are approximately 0° in early 1980 and late
2007, and reach extremal values of —58° in mid-1996 and
+58° in late 2021. The sub-solar latitude was in the range
—12° to +14° for the WISE, Spitzer, and Herschel observa-
tions in 20062010, but reached +45° in 2016 for the ALMA
observations. Using this knowledge, along with Chariklo’s ro-
tation period (7.004 +0.036h; Fornasier et al. 2014), we fit the
WISE, Spitzer, and Herschel data with a spherical thermophysi-
cal model (TPM), accounting for the proper sub-solar/sub-earth
latitude for each data set. The model free parameters are the
equivalent diameter, geometric albedo, and now the thermal in-
ertia (I'). As there is a known degeneracy between thermal in-
ertia and surface roughness, we specify four levels of roughness
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Table 3. Additional thermal modeling fit results: Chariklo.
Object Model Diameter or Geometric Beaming Thermal Ref. for Relative submm
a, b, ¢ (km) albedo factor  inertia (MKS) submm/mm data emissivity
Chariklo TPM?, no rough. 240+4! 0.03773997  N/A 2.6%11 This work 1.24*349 (1.29 mm)
Chariklo TPM?, small rough. 24044! 0.0375007 N/A 4346 This work 1.23*019 (1.29 mm)
Chariklo TPM¢, interm. rough. 240+4! 0.03770997  N/A 5913 This work 1.22#510 (1.29 mm)
Chariklo TPM*, large rough. 240! 0.03773997  N/A 8.0729 This work 1.21#519 (1.29 mm)
Chariklo NEATM, Maclaurin 143 x 143x96 0038  1.09°0% N/A This work  1.00*0%7 (1,29 mm)
AO1? 0.81+214 (1,20 mm)
Chariklo NEATM, Jacobi 160 x 142 x 88 0.041 1047008 N/A This work  0.92'9%7 (1.29 mm)
AO1? 076011 (1.20 mm)
Chariklo NEATM, Triaxial 146 x 131 x 101 0038  1.11%008 N/A This work  1.06*0%7 (1,29 mm)
A01° 0.87f8:{j (1.20 mm)
Chariklo, ring-corr. NEATM 230*8 0.04070908  1.15*39% N/A This work 1.21#519 (1.29 mm)
AO1? 101018 (1,20 mm)
Chariklo, ring-corr. NEATM, Jacobi 154 x 136 x 84 0.041 1.0070.97 N/A This work 0.897097 (1.29 mm)
A1 0.71%913 (1.20 mm)

Notes. Y TPM: thermophysical model. ® A01: Altenhoff et al. (2001).

9 <

(“none”, “small”, “intermediate”, “large”), and incorporate the
effect of roughness as a “thermophysical model beaming fac-
tor” prpm(®), which for a given roughness scenario is a single-
valued function of the thermal parameter2 (see Discussion, and
Fig. 6 in Lellouch et al. 2011). Once the solution thermal iner-
tia is found, the model is applied to the ALMA data, again with
its proper sub-solar/sub-earth latitude. Within this framework,
solutions for the diameter and geometric albedo (see Table 3)
are virtually identical to those obtained from NEATM, and ther-
mal inertias of 2.5-8 MKS are found. The apparent mm relative
emissivity from the ALMA data is now nominally 1.23, instead
of 1.25 from NEATM. A lower value is to be expected in relation
to the more poleward sub-solar latitude in 2016 (causing the ob-
ject to be warmer on average) than in 2006-2010, but the effect is
very small, given the weak (~linear) dependence of the mm flux
on temperatures. Applying similarly the thermophysical model
solutions to the IRAM observations of Altenhoff et al. (2001)
leads to emissivity values that are insignificantly different from
that obtained with NEATM (1.07 £ 0.16 instead of 1.08 +0.16,
not detailed in Table 3).

3.2.2. Shape effects

Four additional multi-chord occultations by Chariklo were ob-
served on April 29, 2014, June 28 2014, August 8, 2016
and October 1, 2016. Combining these data with those from
June 2013, and using the pole orientation given by the rings,

2 The thermal parameter, ©, related to thermal inertia I', is defined by
Spencer et al. (1989) and represents the ratio of the radiation timescale
of subsurface heat to the diurnal timescale.
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Leiva et al. (2017) estimated Chariklo’s size, shape and density.
For this, they considered a variety of models, including two hy-
drostatic equilibrium models (Maclaurin spheroid and Jacobi el-
lipsoid), and a more generic triaxial ellipsoid shape in which
the hydrostatic constraint was relaxed. Best fit solutions are: (i)
Maclaurin spheroid: equatorial radius, a = b = 143fg km; po-
lar radius, ¢ = 96%)* km; density = 970*7% kg m™; (ii) Jacobi
ellipsoid: semi-major axes, a

157+4 km, b = 139+4 km,
¢ = 86+ 1 km; density = 796:21 kg m~3 (these numbers override
those given in Leiva et al. (2016) which did not include the oc-
cultations from 2016); and (iii) triaxial ellipsoid: a = 148:? km,
b = 132*¢ km, ¢ = 102*}° km. These non-spherical shapes
lead to the object presenting a higher cross-section in 2016 ver-
sus 2006-2010, presumably contributing to the high apparent
emissivity derived from ALMA. Below, we study this effect
quantitatively.

Braga-Ribas etal. (2014), Duffardetal. (2014), and
Fornasier et al. (2014) noted that the discovery of Chariklo’s
rings provides a natural explanation of the brightness variability
of the Chariklo+rings system, that is, its fading from 1998 to
2009 and re-increase in brightness after that date. Fitting the H,
magnitude data with the sum of a spherical (or quasi-spherical
in the case of Duffard et al. 2014)* body with a ring of known
dimensions but with changing aspect, they determined a ring
albedo (I/F reflectivity) of ~9%, noting that the variations of the
projected area of the object with season would also contribute

3 Duffard et al. (2014) indicate they used a = 122 km, b = 122 km,
and ¢ = 117 km but this must be in error as they also state that such a
figure “can reproduce the observed rotational amplitude in 2013 and the
non-detection in 1997-2010, if all the variability is due to shape”.
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Fig. 3. Models of: (top) H, magnitude; (middle) optical light curve
amplitude; and (iii) apparent diameter of Chariklo for the three shape
models (Mclaurin spheroid, Jacobi ellipsoid, and generic triaxial el-
lipsoid) of Leiva et al. (2017). In the top panel, photometric data are
from Fornasier et al. (2014). For the two ellipsoid cases, the model H,
is the mean value over the light curve. In the middle panel, light curve
amplitudes Am = 0.13+0.03 and 0.08 + 0.03 mag in 2006 and 2013
(Galiazzo et al. 2016; Fornasier et al. 2014) and an upper limit (Am <
0.1 mag) in 1997 (Davies et al. 1998) are shown; the spheroid model
does not produce any light curve. In the bottom panel, the diameter
reported by Jewitt & Kalas (1998) for 1998 and in this work for 2006—
2010 (Spitzer, WISE, Herschel) are shown (an additional measurement
from WISE in 2010 — Bauer et al. 2013, — giving D = 226.1 +29.3 km,
is not reported for plotting clarity). For the two ellipsoid cases, the ap-
parent diameter is calculated at light curve maximum and minimum
(dotted lines) and at the intermediate phase (solid lines). No contribu-
tion of Chariklo’s rings to the thermal emission is assumed here.

to the secular variation of Chariklo’s H, magnitude, thereby
reducing the required ring albedo.

We briefly reconsidered these models by including the above
three shape models from Leiva et al. (2017). As in the above pa-
pers, the adjustable parameters are Chariklo’s geometric albedo
p, and the ring I/F reflectivity. As in Braga-Ribas et al. (2014)
and Leiva et al. (2017), but unlike in Duffard et al. (2014) and
Fornasier et al. (2014), we only included the contribution from
Chariklo’s inner ring (C1R, radius 391 km, optical depth 7 =
0.4), as the outer ring (C2R, radius 405 km, optical depth 7 =
0.06) is ~7 times optically thinner and likely has a negligible
contribution to the system H, magnitude. For the three shape

models, Fig. 3 compares the calculated (i) H, magnitude; (ii)
light curve amplitude; and (iii) surface-equivalent diameter of
the solid body, as a function of time, with relevant data. As
Chariklo’s rotational period is not known with sufficient accu-
racy to rephase optical or thermal measurements, we calculate a
mean H, magnitude over the light curve in the case of the two
ellipsoid models, while the equivalent diameter is calculated at
maximum, minimum, and intermediate phases. For the Maclau-
rin (resp. Jacobi, generic triaxial) model, the solution parame-
ters are p, = 0.038 (resp. 0.041, 0.038) and (I/F);,, = 0.030
(resp. 0.010, resp. 0.035). Thus, as mentioned by Leiva et al.
(2017) who derived very similar numbers, the ring contribu-
tion is vastly subdued when the object’s non-sphericity is taken
into account. The Jacobi and generic triaxial shapes additionally
predict a large variability of the optical light curve amplitude;
this agrees with the detection of the optical light curve in 2006
and 2013 (Galiazzo et al. 2016; Fornasier et al. 2014)* but not
in 1997 (Davies et al. 1998). Finally, for all three models, the
variation of the projected area with time is qualitatively consis-
tent with the report of a significantly larger apparent diameter
(302 +30 km) in 1998 (Jewitt & Kalas 1998) than in 2006—-2010
(241+ 9 km; see Table 2); this is explored more quantitatively in
the following paragraph.

With these results in mind, we re-fitted the Chariklo thermal
data with non-spherical models. Since the thermophysical mod-
els lead to very similar emissivity results as the NEATM, we
mostly explored the effect of non-sphericity in NEATM, the dif-
ference between an “elliptic NEATM” and the standard NEATM
being in the expression of the solar zenith angle at the surface
of the ellipsoid, as well as of course the variability of the pro-
jected area in the former. The effect of ellipsoidal geometry in
standard asteroid radiometric models was first studied by Brown
(1985). Specitying as input the three above shape models from
Leiva et al. (2017), the WISE, Spitzer, and Herschel data were
refit in terms of (i) the beaming factor n and (ii) a scaling fac-
tor (fscale) to the overall object dimensions. Chariklo’s geomet-
ric albedo was held fixed at the value determined previously
for each shape model. The model was run for an intermediate
phase between light curve maximum and minimum. Applying
the model to the mm fluxes (ALMA, IRAM) then provided the
radio emissivity. Uncertainty in the observed fluxes and other in-
put parameters (H,, €,, g) were handled as before. Results are
summarized in Table 3. For all three shape models, the scal-
ing factor is very close to unity (ficae = 1.00%0.04 for the
Maclaurin model, 1.02+0.04 for the Jacobi ellipsoid model,
and 0.99 +£0.04 for the generic triaxial model), confirming the
consistency of the occultation-determined sizes with thermal ra-
diometry. The beaming factors are slightly smaller (nominally
1.04-1.11) than in the spherical NEATM, in accordance with the
study of Brown (1985). The most important result for our pur-
pose is that for these non-spherical models, the inferred relative
radio emissivities have decreased in most cases to values less
than 1 (~0.92-1.05 from ALMA and ~0.76-0.87 from IRAM),
demonstrating that for both the ALMA (March 2016) and IRAM
(1999-2000) data, the “anomalously large” flux likely results
from the large apparent cross section of Chariklo at those times
(sub-solar/sub-earth latitude S ~ 46° in 2016 and —50° in 1999—
2000 vs. B = —12° to 14° over 2006-2010). Applying also the
models to the conditions of the Jewitt & Kalas (1998) 20.3 um

4 Although Fornasier et al. (2014) mention a ~0.11 mag light curve,
inspection of their Fig. 1 indicates that the amplitude is rather
~0.08 £ 0.03 mag. For Galiazzo et al. (2016), we estimate ~0.08 +0.03
from their Fig. 2. These values are reported in Fig. 3.
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measurements, we calculate fluxes of 58 +2 mly, 70 £2 mly,
and 52+2 mly for the Maclaurin, Jacobi, and generic triax-
ial models, respectively. All of these values agree reasonably
well with the measured flux (66 + 12 mly), albeit notably less
so for the triaxial shape than for the Jacobi. In contrast, with
the spherical NEATM solution (Table 2), the calculated 20.3 ym
flux is only 34 + 1.5 mly, at odds with the observations. All this
clearly favors non-spherical over spherical models. Although
Leiva et al. (2017) favored the generic triaxial shape as it al-
lows one to avoid an extremely low (<1%) ring I/F, we prefer
here the Jacobi ellipsoid as it provides the best agreement to the
Jewitt & Kalas (1998) flux; in what follows, this shape model is
adopted.

3.2.3. Ring emission

We constructed a simple model to estimate the thermal emission
from Chariklo’s rings. The model is based on a simplified ver-
sion of Saturn’s rings models developed by Froidevaux (1981),
Ferrari et al. (2005), and Flandes et al. (2010). Direct absorbed
radiation from the Sun F, is the only considered source of en-
ergy for ring particles, that is, we neglect heat sources due to
thermal emission and reflected solar light from Chariklo itself,
as well as mutual heating between ring particles. Under this as-
sumption, the ring particle temperature 7p will satisfy the fol-
lowing energy balance equation:

Q
Fabs:Er,bO—ng(l_“._;), (2)
where
S
Fus = (1-A,) C(B',7) =+ 3)
T,

h

Here A, is the Bond albedo of the ring particles and ¢, is their
bolometric emissivity. C is the ring shadowing function (i.e., the
non-shadowed fractional area of a ring particle), which depends
on the ring optical depth 7 and the solar elevation above ring
plane, B’. Qp represents the angle subtended by neighboring par-
ticles, and can be expressed as Qp = 6 (1 — e™") (Ferrari et al.
2005). Finally f is the rotation rate factor of the particles; fol-
lowing Flandes et al. (2010), we considered slow rotators, that
is, f = 2. For the ring shadowing function, we adopted the ap-
proximate expression from Altobelli et al. (2008):

sin B’
l1—-eT

C(B',7) = (1-e%). )
Once the ring particle temperature Tp is calculated in this man-
ner, the ring radiance B, at wavelength A as seen from Earth and

the associated brightness temperature 75(1) are obtained as:

B(Tp)

By(Tp() = &, (1—e™") C(B,7) Sin B

, &)

where B, is the Planck function, € ; is the ring particle emissiv-
ity at wavelength A, B is the elevation of the observer above ring
plane and C(B, 1) is the fractional emitting area of a ring parti-
cle as seen from elevation B (Ferrari et al. 2005). Equation (5)
reduces to By(Tp(1) = .1 (1 —e 78) By(Tp).

In the above model, we nominally assumed ¢y = ¢, = 1.
This likely provides an upper limit of the ring emission at the
longest wavelengths. Specifically, Cassini/CIRS measurements
of Saturn’s rings indicate that €., declines at A longwards of
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~200 um, in relation to the progressive increase in single scatter-
ing albedo of water ice particles (Spilker et al. 2005). Similarly,
1.3-3 mm observations of Saturn’s B-ring at high solar eleva-
tion indicate brightness temperatures of 15-30 K (Dunn et al.
2005), versus ~90 K as measured by Cassini/CIRS shortwards
of ~200 um (Spilker et al. 2005). Duffard et al. (2014) infer the
presence of water ice in Chariklo’s rings. This might be taken
as an argument that a similar roll-off in brightness tempera-
ture with increasing wavelengths occurs for Chariklo’s rings
as well. We note however, that the albedo inferred above for
Chariklo rings (I/F = 0.010-0.035) is much weaker than Sat-
urn’s rings (I/F ~ 0.3-0.7) and actually more similar to Uranus’
rings (I/F ~ 0.05), which do not show evidence for water
ice (de Kleer et al. 2013). Thus, water ice might be present in
Chariklo’s rings only as a trace component. We note in passing
that Duffard et al. (2014) base their argument for water ice on
the detection of the 1.5 and 2.0 um H,O features in four spec-
tra taken in 1997-2002 and again in 2013, but not in 20072008
when rings were edge-on. The identification of H,O ice in 1997—
2002 seems secure (see Guilbert-Lepoutre 2011), but we feel
that the single 2013 spectrum — which does not show directly
the H,O bands — is less convincing (1.30 detection according
to Table 2 of Duffard et al. 2014) and would merit confirmation.
If not present in Chariklo’s rings, an alternative explanation to
the data could be that H,O is located in restricted areas at high
southern latitudes of Chariklo.

Model results in terms of ring particle physical temperature
and ring brightness temperature at three wavelengths (12.5, 70
and 1287 um) are shown in Fig. 4 for Chariklo’s CIR (thick
lines) and C2R (thin lines) rings, and compared to the mean
brightness temperature Tz, of Chariklo itself. The latter, which
was calculated for the spherical NEATM solution ( = 1.20,
py = 0.036), is slightly wavelength-dependent and is here shown
at 70 um. Ring particle temperatures are colder than T ¢y, due to
the rings’ low opacity and mutual shadowing. As expressed by
Eq. (5), ring emission as seen from Earth is further reduced by
a geometrical emissivity factor (1 — e™™/%), which is shown by
the dotted lines in Fig. 4 (after multiplication by 100). Although
this factor is wavelength-independent, it leads to a wavelength-
dependent reduction of the ring Ty, as shown by the various
curves in the top panel of Fig. 4.

The ring model was then used to calculate the flux emit-
ted by the ring as a function of epoch and wavelength. To get
a feeling about its significance, the ring flux was compared to
the Chariklo flux calculated for the spherical NEATM solution,
and then expressed in terms of an (wavelength-dependent) ef-
fective area (i.e., the area that, with the same thermal proper-
ties as Chariklo itself, would produce a thermal flux equal to
that of the rings). This effective area was then combined with
the time-dependent projected area of Chariklo in the Jacobi el-
lipsoid model, and the result finally expressed in terms of the
(epoch and wavelength-dependent) equivalent diameter for the
Chariklo+rings system. Results are shown in the bottom panel
of Fig. 4. We find that ring emission can bias the diameter mea-
surement by up to ~15 km (5%) for wide open ring geometries.
Although the ring 75 decreases with increasing wavelength, the
bias turns out to be more important at the longest wavelengths
due to a Planck-function effect. This conclusion is however sen-
sitive to our assumption that the long wavelength emission of
Chariklo’s rings is not affected by scattering due to water ice.

With the above model, the contribution of Chariklo’s rings
at the relevant epochs and wavelengths was subtracted from the
thermal data, which were then refit with the spherical and ellip-
tical NEATM models. The flux correction amounted to 1-10%,
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Fig. 4. Thermal contribution of Chariklo rings. Top: Ring temperature
model: particle temperature (light blue) and ring brightness temperature
at three wavelengths (red: 12.5 um, green: 70 um, dark blue: 1287 um)
as a function of time over 1980-2030 for Chariklo’s CIR 7 = 0.4 (thick
lines) and C2R 7 = 0.06 (thin lines) rings. They are compared to the
70 pm brightness temperature of Chariklo itself (black). The dotted line
represents the emissivity factor (1 — e~"/%), multiplied by 100. Bottom:
effect of rings on the apparent diameter. See text for details.

which both depends on each particular observation and generally
increases with wavelength. As detailed in Table 3, compared to
the “no-ring” case, the ring correction leads to slightly smaller
values for i (~0.05), the equivalent diameter (by ~5%), and the
relative emissivities (by ~ 0.04). For the elliptical case, the best
fit of the ring-corrected Chariklo thermal data is obtained for
a scaling factor of 0.98 +0.04 to the Jacobi ellipsoid model of
Leiva et al. (2017), still fully consistent with that model.

Combining the effect of shape with the ring correction, we
infer emissivities of 0.89 +0.07 from our ALMA data and of
0.71+0.12 from the IRAM data. We did not explicitly run
elliptic thermophysical models, but based on our analysis in
Sect. 3.2.1, the temperature effect associated to the more pole-
on orientation in 2016 (ALMA) and 1999-2000 (IRAM) than
in 2006-2010 causes an apparent ~2% increase in the emissiv-
ity. Correcting for this, we obtain our best estimate for the rel-
ative emissivity (€;/€,) as 0.87 = 0.07 from the ALMA data and
0.69 £+ 0.10 from IRAM. In summary, the above study shows that
the apparent anomalous emissivity for Chariklo is the combined
result of (i) change in the apparent cross section for an elliptical

object; (ii) change in the sub-solar latitude; and (iii) possible ring
contribution; the first effect being by far the dominant one.

We estimate Chariklo’s ring thermal emission to be
~0.13 mJy at 1287 um (for 2016). While such a flux is not out
of reach of ALMA in terms of sensitivity, the difficulty for de-
tection is that the emission is azimuthally distributed, leading to
very low surface brightnesses. Given also the proximity of the
body at ~30 milli-arcseconds, direct imaging of Chariklo’s rings
with ALMA seems rather difficult.

In what follows, we apply the previous models for two
other Centaurs, Chiron and Bienor, for which pole ori-
entation parameters have been proposed (Ortiz etal. 2015;
Fernandez-Valenzuela et al. 2017).

3.3. Chiron

Following the discovery of Chariklo’s rings, Ortiz et al. (2015)
proposed that Chiron harbors a ring system as well. Their argu-
mentation was based on (i) the evidence for absorption features
in occultations observed in 1993, 1994, and 2011 (Bus et al.
1996; Elliot et al. 1995; Ruprecht et al. 2015) and (ii) the time
variability of Chiron’s H, magnitude, optical light curve ampli-
tude, and water ice spectral signature. Although the occultation
features have been attributed before to a combination of nar-
row jets and a broader dust component, and the changing optical
properties to photometric contamination by cometary-like activ-
ity, the general similarity of the widths, depths, and distance to
the body of the occultation features with those of Chariklo led
Ortiz et al. (2015) to favor the ring explanation, for which they
determined a preferred pole orientation (1 = 144°, 8 = 24°, i.e.,
J2000 ap = 156°, 6p = 36°).

Although the radio-emissivity derived for Chiron from sim-
ple NEATM modeling does not show any “anomaly” (see
Table 2), the effects of pole orientation, shape and a possible
ring system on the thermal photometry are worth investigating.

As for Chariklo, we assumed that the object’s pole orien-
tation coincides with that of the proposed rings, and first ran
a spherical thermophysical model using a 5.92 h rotation pe-
riod. This led to best fit thermal inertias of 0.7/2.4/5.6 MKS for
small/moderate/large roughness (no good fit was found without
surface roughness), and to a relative radio emissivity of (0.62—
0.65) +£0.08, again insignificantly different from that obtained
from spherical NEATM (0.63 +0.07).

Shape information for Chiron is more uncertain than for
Chariklo, given that none of the three occultations observed
so far include multiple chords across the object’. Assuming a
Jacobi ellipsoid, a shape model can still be adopted based on
other arguments. Following Luu & Jewitt (1990), Groussin et al.
(2004) showed convincingly the anti-correlation of Chiron’s
apparent light curve amplitude Am and apparent visible bright-
ness and derived the true (i.e., body-only) light curve ampli-
tude to be Amy = 0.16+0.03. This is valid whether the “di-
luting factor” for the light curve amplitude is a coma or a ring
system. In this latter case, and assuming identical pole orien-
tation for the body and the ring system, Amg occurs when the
system is equator-on, implying a/b = 1.16. Assuming the ob-
ject to be a Jacobi figure in hydrostatic equilibrium, this implies
also c¢/a = 0.54. The spherical NEATM fit indicates an equiv-
alent diameter D = 210 km (Table 2). Identifying the latter to
2 al4p14cl/2 would lead to a = 148 km, b = 127 km, ¢ = 80 km.

5 The 1993 occultation included a ~158 km chord and a grazing event,
the 1994 one missed the body itself, and the 2011 one has a single
158 + 14 km chord.
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Fig. 5. Models of: (top left) H, magnitude; (fop right) optical light curve
amplitude and; (bottom left) apparent diameter of Chiron for a 114 X
98 x 62 km Jacobi ellipsoid with p, = 0.10 and the orientation pro-
posed by Ortiz et al. (2015). The modeled H, and apparent diameter are
calculated at a phase corresponding to mean light curve brightness. The
first two panels include the effect of rings with a 20% I/F reflectivity. In
the top right panel, the blue symbols are the measurements as collected
by Groussin et al. (2004), augmented by more recent measurements by
Ortiz et al. (2015) and Galiazzo et al. (2016). In the bottom left panel,
the model is compared to values of the diameter derived from our mod-
eling of past thermal infrared observations (see Groussin et al. 2004). In
the bottom right panel, the black points show ratios of individual mea-
sured thermal fluxes (some are shifted by +0.1 yr for better visibility)
by the elliptical NEATM model. In this panel, the green points (shifted
by +1 in yr) show the ratio of ring-corrected thermal fluxes by fluxes
calculated from the elliptical model (see text for details).

However, it can be anticipated that this initial guess is too large
because, if the pole orientation proposed by Ortiz et al. (2015)
is adopted, the geometry of the Spitzer/Herschel observations is
considerably pole-on (sub-earth latitude 8 ~ 51-60°). Indeed,
fitting these data with an elliptical NEATM model leads to a
scaling factor fiae = 0.77 £0.05 from the initial guess (i.e.,
best fit dimensions of 114 X 98 x 62 km) and a beaming fac-

tor n = 0.937%19 Running the model to the geometry of the

-0.09°
mm observations then implies a relative emissivity of 0.56f8'{‘3l

for the 1994 IRAM observations of Altenhoff & Stumpft (1995)
and O.70fgigg for our 2016 ALMA observations. These values are
only marginally different from those inferred previously from the
spherical NEATM model. This is because, with the assumed pole
orientation, the projected areas at the epochs of the IRAM (sub-
solar/sub-earth latitude 8 ~ —57°) and ALMA (8 ~ +51°) data
were similar to that at the Spitzer and Herschel epochs (8 ~ 51°
and S ~ 60°, respectively), a situation markedly different from
the Chariklo case.

Figure 5 shows models of Chiron’s H, magnitude, light curve
amplitude, and equivalent diameter based on this Jacobi ellipsoid
model. The large variations (up to 1.5 mag) of H, cannot be fit
with a realistic shape model, and require adjunction of a vary-
ing coma, a ring system, or more likely a combination of two
(Ortiz et al. 2015), as the ring model fails to reproduce the evo-
lution of H, over 1987-1997. As done for Chariklo above, we
fit the H, data by the combination of the body and a ring sys-
tem. We find a best-fit I/F of 0.20 for the rings, consistent with
0.17 from Ortiz et al. (2015), but stress that this is rather differ-
ent from the I/F inferred above for Chariklo (//F = 0.01-0.035),
putting into question the similarity of Chiron’s putative ring sys-
tem with Chariklo’s. We also note that with the rather elongated
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shape model we have adopted (a/c = 1.85), the adjunction of
a ring system has a relatively minor effect on the modeled light
curve amplitude (top right panel of Fig. 5). Ortiz et al. (2015)
further claimed that the presence of a ring system can explain
the variability in the near-IR spectrum of Chiron, with the wa-
ter ice spectral features being detected by Foster et al. (1999),
Luu et al. (2000) in April 1998 and April 1999, but not by
Romon-Martin et al. (2003) in June 2001. However, this argu-
ment is weak because with their preferred ring-pole orientation,
the sub-earth/solar latitude was approximately —9° and +3° for
the first two spectra, versus +26° for the last one, that is, the
rings were more edge-on when H,O was detected than when it
was not.

Numerous measurements of Chiron’s thermal flux and asso-
ciated diameter have been obtained in the past. In the most de-
tailed study before Spitzer/Herschel, Groussin et al. (2004) an-
alyzed multiple-band ISOPHOT observations from 1996 with a
spherical thermophysical model coupled with a standard beam-
ing factor = 0.756. They inferred a diameter D = 142 + 10 km
and a thermal inertia I' = 3’:; MKS. On the basis of this model,
they reanalyzed all anterior thermal flux measurements from Ch-
iron, and noted a significant dispersion between the individually
inferred diameters. Doing the same using our spherical NEATM
results (i.e., fixing n to 0.93f8:%(3), see Table 2) we obtain very
similar diameters to Groussin et al. (2004). Part of the disper-
sion can be explained by an elliptical body, as can be seen in the
bottom-left panel of Fig. 5. However, as shown in the bottom-
right panel of Fig. 5, calculating individual fluxes with the el-
liptical NEATM solution applied to the condition of each ob-
servation still shows significant residuals from the observations,
suggesting that additional factors come into play (presumably
measurement errors).

We also applied the ring thermal model to the Chiron case.
For this we used the ring parameters considered by Ortiz et al.
(2015), that is, a 324 km diameter, a 10 km width and a 0.4 opac-
ity®. Similar to Fig. 4, Fig. 6 shows (i) the ring particle physi-
cal temperature and ring brightness temperature versus time (top
panel) and (ii) the putative effect of ring emission on the Chi-
ron equivalent diameter. In this case, Chiron’s absolute dimen-
sions were tuned so as to fit the smallest diameter determination
(i.e., from Groussin et al. 2004 in 1996), multiplying the “no-
ring” Jacobi ellipsoid solution by 0.875 (i.e., giving a = 100 km,
b = 86 km, ¢ = 54 km) and increasing its geometric albedo
to 0.13 to continue to match the H, magnitude. These calcula-
tions qualitatively show that Chiron’s rings, if existent, would
affect diameter determinations. However, Fig. 6 suggests that
including the effect of Chiron’s rings does not permit full rec-
onciliation of the discrepant diameter determinations; in par-
ticular, the ring contribution appears maximal over 1991-1995,
yet diameter measurements over this period indicate large dis-
persions. We nonetheless explored this further by fitting ther-
mal fluxes corrected by our estimates of the ring contribution.
A spherical NEATM fit of the Herschel/Spitzer ring-corrected
fluxes indicates a best-fit diameter of 186f}i km and beaming

factor n = 0.87*)13. Using instead the elliptical model and start-
ing from the 148 x 127 x 80 km initial guess model, we found a
best fit scaling factor fyc,e = 0.69+0.05, giving nominally 102 x
87 x 55 km, and a beaming factor n = 0.84*0-12. For both cases,
the associated radio emissivities, based either on our own data

or on the Altenhoff & Stumpff (1995) data, are summarized in

6 Ortiz et al. (2015) quoted a 0.7-1.0 opacity based on the depth of the
occultation events, but as for Chariklo, this value must be divided by
two to account for diffraction effects.
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Table 4. Additional thermal modeling fit results: Chiron and Bienor.

Object Model Diameter or  Geometric Beaming Thermal Ref. for Relative submm
a, b, ¢ (km) albedo factor inertia (MKS) submm/mm data emissivity
Chiron TPM* small rough. 2141’3 0.167:'8:8%3 N/A 0.7’:3:(7’ This work 0.621’%2 (1.29 mm)
Chiron TPM¢ interm. rough. 2114} 01717393 N/A 21738 This work 0.64*30¢ (1.29 mm)
Chiron TPM* large rough. 21019 0.18070.9%7 N/A 4933 This work 0.65*3%7 (1.29 mm)
Chiron NEATM, elliptical ~ 114x98 x 62 0.10 0.93*912 N/A This work ~ 0.70%(5% (1.29 mm)
A95P 0.56*313 (1.20 mm)
Chiron, ring-corr. NEATM 18613 0.100*502¢  0.87*1> N/A This work 0.55*2%% (1.29 mm)
A95" 0.41*215 (1,20 mm)
Chiron, ring-corr. NEATM, elliptical 100 x 86 x 54 0.13 0.84+92 N/A This work 0.62*345 (1.29 mm)
A95" 0.46017 (1.20 mm)
Chiron, ring-corr.  NEATM, elliptical 100 x 86 x 54 0.13 0.84*12 N/A This work 0.87*012 (1.29 mm)
Bienor TPM¢ no rough. 184+¢ 0.050*0.919 N/A 83 This work 0.66*37 (1.29 mm)
Bienor TPM* small rough. 1825 0.04970.016 N/A 10*3 This work 0.67+0:98 (1.29 mm)
Bienor TPM¢ interm. rough. 1801'2 0.0SOfg:g}g N/A IZf;‘ This work O.68fg:gg (1.29 mm)
Bienor TPM* big rough. 179f§ 0.053f8:8}§ N/A 15:? This work O.68f8;82 (1.29 mm)
Bienor NEATM, elliptical 144 x 65 x 51 0.041 1.24+0.10 N/A This work 0.64*307 (1.29 mm)

Notes.  TPM: thermophysical model. ® A95: Altenhoff & Stumpff (1995). ©) In this case, the 1.29 mm flux is not corrected for a ring contribu-
tion, representing a case with extreme roll-off in brightness temperature towards long wavelengths.

Table 47. The above figures illustrate quantitatively the extent to
which a ring system would affect the diameter determinations.
However, applying this ring-corrected elliptical model to past
(ring-corrected) thermal observations leads to observed/modeled
residuals comparable to the “no-ring” case (compare green and
black points in the bottom-right panel of Fig. 5).

In summary, we feel that the case for a ring system around
Chiron with properties similar to Chariklo’s remains doubtful in
several aspects, and is not particularly supported by the overall
analysis of the thermal data. In contrast, the characteristics and
variability of Chiron’s optical light curve are consistent with a
triaxial body in hydrostatic equilibrium. We thus do not adopt the
“ring-corrected” emissivities, favoring instead values from the
uncorrected elliptical NEATM, and finally obtaining a relative
emissivity of 0.70 +0.09 at 1.29 mm based on the ALMA flux
measurement.

3.4. Bienor

Recently, Fernandez-Valenzuela et al. (2017) presented time se-
ries photometry of (54 598) Bienor over the period 2013-2016,
and by comparison with earlier literature found a strong varia-
tion of both the light curve amplitude (from Am ~ 0.6 mag in

7 In Table 4, we also considered a case where all the Herschel/Spitzer
fluxes are corrected for ring contribution, but not the mm flux. This case
is meant to represent an extreme case of a “Saturn-like” ring brightness
temperature roll-off with increasing wavelength, as could be relevant
given the high I/F reflectivity invoked for Chiron’s rings in Fig. 5.

2000 to ~0.1 mag currently) and the absolute magnitude (chang-
ing abruptly from H, ~ 8.1 in 2000 to H, ~ 7.4 in 2008 and
beyond). Interpreting the light curve amplitude evolution as due
to a change of the sub-observer latitude, they proposed a solu-
tion for the rotation axis (4 = 35+8°, 8 = 50+ 3°, i.e., J2000
ap ~ 4°, 6p ~ 58°) along with a shape model. Assuming hy-
drostatic equilibrium, the axis ratios are b/a = 0.45 +0.05 and
c/b = 0.79 £ 0.02. Fernandez-Valenzuela et al. (2017) however
noted that this model does not simultaneously reproduce the
H, evolution and considered a variety of more complex mod-
els, such as non-hydrostatic equilibrium, a time-variable albedo
model including a ring contribution, and so on. None of the mod-
els — except apparently the albedo model, but the latter is not re-
ally described — achieve a good fit of the H, evolution (see Fig. 3
of Ferndndez-Valenzuela et al. 2017). We do not attempt here to
interpret in detail the photometric behavior of Bienor, but note
that it is reminiscent of that of (139775) 2001 QGygg, convinc-
ingly demonstrated to be a contact binary with changing viewing
geometry (Lacerda 2001)3.

8 Por example, two equal spheres in contact viewed from the mutual
orbit plane produce a light curve amplitude of 0.75, and the system
mean brightness at this epoch is 0.375 mag fainter than when the mutual
eclipses do not occur; this effect is somewhat weaker but comparable to
the observed behavior of Bienor, and can be enhanced because contact
binary components are tidally elongated along the line joining their cen-
ters. We note also that the shape of Bienor’s light curve, as observed in
2001 when it had a large amplitude, is also reminiscent of that of a con-
tact binary, with a peaked light curve minimum (see Ortiz et al. 2003).
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Fig. 6. Thermal contribution of Chiron putative ring. Top: ring temper-
ature model: particle temperature (light blue) and ring brightness tem-
perature at three wavelengths (red: 12.5 um, green: 70 um, dark blue:
1287 um) as a function of time over 1970-2020 for a Chiron ring with
7 = 0.4. They are compared to the 70 um brightness temperature of
Chiron itself (black). The dotted line represents the emissivity factor
(1 — e~B), multiplied by 100. Bottom: wavelength-dependent effect of
rings on the apparent diameter. See text for details.

Still, all models presented in Fernandez-Valenzuela et al.
(2017) call for generally similar pole orientations and shape
models. We thus adopt the above solution parameters, and refit
the Spitzer/Herschel thermal data with elliptical NEATM. Free
parameters are a scaling factor to the shape model and the beam-
ing factor (the albedo is kept at 0.041 from Table 2, which may
not be accurate but is unimportant). The best fit solution is found
fora = 144 km, b = 65 km, and ¢ = 51 km, with 4% un-
certainties, and n = 1.24 +0.10, noticeably different from the
value obtained before from the spherical model (1.58*)13). With
these values, the equivalent diameter of Bienor at the Spitzer
(July 2014, sub-solar latitude 8 = —29°) and Herschel (Jan-
uary 2011, 8 = —49.5°) epochs is 158 and 177 km, respectively,
considerably smaller than that derived from the spherical model
(199 km) and illustrating the limited value of a direct scaling of
a shape model to a diameter determined from a spherical model.
Nonetheless, applying the model to the geometry of the ALMA
observations (8 = —58°) leads to a relative 1.29 mm emissiv-
ity of 0.64 + 0.07, virtually identical to the value from spherical
NEATM (see Table 2).

Application of a spherical thermophysical model with
the above orientation parameters, a rotational period of
9.17 h (Fernandez-Valenzuela et al. 2017), and various levels of
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roughness, leads to best fit thermal inertia of 8—15 MKS, a di-
ameter of (179-184) + 6 km, and a relative 1.29 mm emissivity
of 0.68 +0.07 (Table 4). Although the pole direction of Bienor
remains to be confirmed, we adopt this as the best guess estimate
of the object’s mm/submm emissivity.

We finally note that a stellar occultation by 2002 GZs;
was successfully observed from several locations in Europe on
May 20, 2017. When a shape model becomes available, this will
provide the opportunity to reinterpret the thermal measurements,
including our ALMA data.

3.5. Makemake

Before our measurement with ALMA, Makemake had been
measured in the thermal range by Spitzer (Stansberry et al. 2008)
and Herschel (Lim et al. 2010). As demonstrated at that time,
standard NEATM fits fail to reproduce Makemake’s SED, and a
multi-component model is required. Within NEATM, Lim et al.
(2010) found solutions combining a large, high-albedo unit mak-
ing up most of Makemake’s surface, and a localized, very dark
unit, which is responsible for Makemake’s elevated 24 um flux;
in these models, the two units have very different values of the
beaming factor (n = 1.3-2.2 and 0.4-0.5 respectively), sug-
gesting vastly different thermal properties. Lim et al. (2010) fur-
ther suggested that the dark terrain could represent a satellite,
a hypothesis that gained credit with the discovery of S/2015
(136472)1 by Parker et al. (2016). These latter authors revisited
the thermal models by including new constraints from (i) the H,
magnitude of the satellite, 7.80 mag fainter than Makemake and
(i1) the occultation-derived diameter of Makemake (Ortiz et al.
2012; Brown 2013b), confirming the essential conclusion that
S/2015 (136472)1 may contribute a large fraction of the flux
associated to the dark terrain. As noted by Parker et al. (2016),
their models still do not fully reproduce the system 24 um flux;
yet they invoke 7 values of 0.25-0.40. Such values are hard to
understand physically, as even a surface saturated with hemi-
spherical craters does not produce beaming factors lower than
0.6 (Spencer 1990; Lellouch et al. 2013).

To determine the mm emissivity of Makemake in spite of
these complications, we considered three end-member models,
termed “Makemake-alone”, “Makemake + moon”, and “Make-
make + dust”. In all cases, Makemake diameter and geometric
albedo were held fixed at values determined from the stellar
occultation. As a compromise between the (nevertheless sim-
ilar) values given in Ortiz et al. (2012) and Brown (2013b),
we adopted D = 1430 km, which for H, = 0.091+£0.015
(Parker et al. 2016), gives p, = 0.795. As for the other ob-
jects, the models were applied to the set of Spitzer, Herschel,
and ALMA fluxes. We used the Spitzer and Herschel/PACS flux
values as published in Lim et al. (2010), but updated the Her-
schel/SPIRE fluxes, accounting for (i) a new reduction pipeline
(HIPE version 8.2) and destriping methods (Fornasier et al.
2013) and (ii) the availability of new Makemake observations
from June 2010, in addition to the Nov./Dec. 2009 data presented
in Lim et al. (2010). Averaging the two epochs, the new SPIRE
fluxes are 12.5+1.3 mlJy, 9.5+ 1.3 mlJy, and 4.7+ 1.5 mly at
250, 350 and 500 um, respectively.

In the first model (“Makemake-alone”), a standard NEATM
fit was performed on the 3-band Herschel/PACS and the Spitzer
71.42 pm fluxes, ignoring the Spitzer 23.68 um flux, with ke
as the only free parameter. As before, the model was then ap-
plied to other wavelengths to determine the corresponding spec-
tral emissivities. The best fit solution, shown in the left panel
of Fig. 7, has nyae = 1.69, but even though the diameter
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Fig. 7. Flux measurements, spectral energy distribution, and relative emissivity spectra (in inset) of Makemake, for the three considered models.
Model fit parameters are as follows. Left: “Makemake alone” model: D = 1430 km, p, = 0.795, n = 1.69. Center: “Makemake + moon” model:
for Makemake, D = 1430 km, p, = 0.795, n = 2.64; for the moon, D = 323 km, p, = 0.012, = 0.406. Right: “Makemake + dust” model: for
Makemake, D = 1430 km, p, = 0.795, n = 1.95; for the dust, T = 54.6 K, mass = 7.2 x 10° kg. In the left panel, different colors show NEATM
fits applied to the conditions of the different observations (Spitzer, Herschel, and ALMA). In the other two panels, the models are shown for the

Herschel conditions.

Table 5. Makemake model fits.

Model Makemake Moon Dust Relative submm
D (km) Do n D (km) Do n Tase (K)  Area (km?) Mass (kg) emissivity
Makemake alone 1430 0795 2.0707 N/A N/A N/A N/A N/A N/A 1.03*945
Makemake + moon | 1430  0.795 2.64 2657156 0.017+521 ) 0.34+08 N/A N/A N/A 1.05*910
Makemake + dust 1430 0.795 223707 | N/A N/A N/A 54.6 41x10°  7.2x10° 1077009

and geometric albedos are fixed, the error bar on . is large
(Mvake = 2.0%) 22; see Table 5), a consequence of the strong effect
of the phase integral uncertainty for a bright object. Our ALMA

flux measurements then imply a 1.03’:8:(1)8 relative mm emissivity.

In a second model (“Makemake + moon”), the two Spitzer
and the three Herschel/PACS measurements were fit with the
sum of emission from Makemake and its moon. This model had
initially four parameters, nye and (D, p, and 1) for its moon,
for which we adopted H, = 7.89 + 0.3 (to allow for possible light
curve variation). However, the system was somehow degenerate
and best fit solutions tended to call for very large values of ke
(>3-4), while values larger than ~2.7 are unphysical (see e.g.,
Fig. 4 of Lellouch et al. 2013). ke Was then fixed at a maxi-
mum value of 2.64. Even then, the problem remained somewhat
under-constrained, leading to broad ranges for (D, p, and n) of
the moon (Table 5). More worryingly but consistent with the pre-
vious studies (Lim et al. 2010; Parker et al. 2016), the solution
range of 7moon Temained unphysical (0.34%)7%) suggesting that
Makemake’s moon alone might not entirely explain the 24-um
flux. Since the temperatures scale as (17¢;)~'/4, a possible way
to alleviate the problem would be to invoke a bolometric emis-
sivity much lower than 1 for Makemake’s moon, but we note
that restoring physically reasonable values of 1 (say n > 0.65)
would then require €, < 0.5. In any case, with this “Makemake +
moon”” model, we infer a 1.05i8:}8 relative mm emissivity for the
system.

In a third model, the 24 ym flux excess from Makemake’s
system was attributed to dust emission. For this we adopted the
dust absorption coefficients of Li & Draine (2001), giving, for
example, « 56 m? kg~ at 23.68 um, and specified a dust
grain temperature of 54.6 K, which corresponds to the instan-
taneous equilibrium of a sun-facing surface with zero albedo at
Makemake’s 52 AU distance. This choice is somewhat arbitrary
as small grains could be poor radiators (hence warmer than the
above value), and/or radiating over 4x (hence cooler). With these

values, we infer an effective emitting area of 4.1 X 10° km? for
the grains, equivalent to a 720 km diameter, and a total dust mass
of 7.2 x 10° kg. These figures do not seem unreasonable, al-
though there is no evidence for dust activity at Makemake. Once
corrected for the dust contribution at all wavelengths, the Spitzer
and Herschel fluxes were refit with a Makemake model, again
with 7yue as the only free parameter, leading to a best fit value
of Nvake = 1.94 and a range of 2.23*0-7%. We note that signifi-
cantly cooler grain temperatures than the above value would not
permit to match the data. For example, assuming slowly rotating
large dust grains (radiating over 27), that is, a grain temperature
214 lower (45.9 K) would require a total dust mass ~8 times
larger, but then the corrected fluxes would lead to an unphysical
Make = 373%

While each of the three models had its own issues, they all
lead to remarkably similar values of the relative mm emissiv-
ity, consistent with unity, as summarized in Table 5 and Fig. 7.
Complications associated with non-spherical shape and/or with
changing apparent orientations can be dismissed as (i) stellar oc-
cultation indicates that Makemake has a low oblateness (pro-
jected elongation <1.06; Ortiz et al. 2012; Brown 2013b); and
(ii) Makemake has travelled only 10° along its orbit in the 2006—
2016 time frame covered by the thermal measurements, limit-
ing changes in the sub-solar latitude to less than this value. We
conclude that, unlike all other objects in our sample and that
of Brown & Butler (2017), Makemake does have a relative mm
emissivity close to 1. Interestingly, in spite of considerably larger
error bars, the SPIRE fluxes are also consistent with a relative
emissivity of 1 over 250-500 um (see insets of Fig. 7).

3.6. Pluto and Charon
3.6.1. ALMA observations

The thermal emission from the Pluto/Charon system has been
investigated in considerable detail in the last 20 yr. This includes
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Table 6. Pluto/Charon NEATM fits.

Model Diameter (km) Do n Relative submm
Pluto  Charon | Pluto  Charon | Pluto Charon emissivity

1-component 2279*142 0.66*013 1.28+035 0.99*90° (0.86 mm)

2-component 22381’%‘9‘3 1207 0.611’8}% 0.362 2.623:45‘; 1.23’:8:%3 O.88f818§ (0.86 mm)

spatially unresolved but rotationally repeated far-IR measure-
ments (i.e., thermal light curves) using ISO, Spitzer, and Her-
schel over 20-500 um (Lellouch et al. 2000a, 2011, 2016) and
numerous but more widespread ground-based mm/submm data.
Initially, the latter did not resolve the Pluto/Charon system
(see Lellouch et al. 2000b, and references therein), but the ad-
vent of interferometers (SMA, VLA, ALMA) permitted the
thermal emission from Pluto and Charon to be measured sep-
arately (Gurwell et al. 2011; Butler et al. 2015; Butler et al.,
in prep.). In particular, based on ALMA observations acquired
on June 12 and 13, 2015 (i.e., at two separate longitudes) which
also led to the detection of CO and HCN in Pluto’s atmo-
sphere (Lellouch et al. 2017), Butler et al. (in prep.) reported
860 um brightness temperatures of ~33 K for Pluto and ~43.5 K
for Charon, providing a definitive demonstration that Charon
is warmer than Pluto. Making use of the multi-terrain thermo-
physical models presented by Lellouch et al. (2011, 2016), these
measurements were interpreted in terms of separate absolute
860 um emissivities of the two objects, found to be 0.69-0.72
for Pluto and 0.75-0.77 for Charon (Butler et al., in prep.). Fits
of the ALMA fluxes for the two observing dates are shown in
the top panel of Fig. 8. For a bolometric emissivity of 0.9, as is
characteristic of the models of Lellouch et al. (2016), this im-
plies relative emissivities of 0.78 +0.015 and 0.84 +0.01, re-
spectively, giving a surface weighted-average value of 0.80 for
the Pluto/Charon system.

As these values were obtained from a model that makes use
of considerably more information (thermal light curves, precise
object sizes, distribution of ices, etc.) than is available for other
TNOs, it is enlightening to explore what could be derived on the
mm emissivity of the Pluto system by applying a simple NEATM
analysis as for other objects. For this purpose, we first created a
Pluto/Charon dataset comparable to what we have for the other
TNOs by averaging the Spitzer/MIPS fluxes (8 visits in 2004,
sampling the Pluto light curve in 2004) and the Herschel/PACS
and /SPIRE data (9 visits each in 2012). In doing so, the error
bar on each flux value was defined by the (real) dispersion of the
measurements at a given wavelength due to thermal light curve,
rather than by the noise of each individual measurement. We then
performed a simple NEATM analysis of the Spitzer, Herschel,
and ALMA fluxes, considering, as for Makemake, one- and two-
component fits. Results and fits are summarized in Table 6 and
Fig. 9. In the one-component fit, the relative 860 um emissivity
of the Pluto/Charon system is close to 1, but the solution diame-
ter (2280 + 110 km) is as much as ~15% smaller than the equiv-
alent diameter of the Pluto-Charon system (2670 km), a problem
already encountered by Mommert et al. (2012). The inability of
the 1-component NEATM model to fit the SED of Pluto/Charon
is related to the fact that the two bodies have comparable sizes,
yet different albedos. In the two-component model, Charon’s di-
ameter and geometric albedo were held fixed at their observed
values (D = 1207 km, p, = 0.36), and the SED of the system
was fit in terms of four parameters, 7jcharon and (D, p, and 1) for
Pluto. In this case, the Pluto best fit diameter was found to be
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Fig. 8. Top: separate 0.86 mm brightness temperatures of Pluto and
Charon measured by ALMA on June 12 and 13, 2015 (Butler et al.,
in prep.), compared to calculations based on the Lellouch et al. (2016)
model, and adjusting the absolute 0.86 mm emissivity to 0.71 +0.01
for Pluto and 0.76 +0.06 for Charon. Bottom: flux density of the
Pluto+Charon system for the conditions of the IRAM/NIKA?2 obser-
vations of Feb. 28, 2017, and two values (0.72 and 0.85) of the system
absolute emissivity. The statistical and calibration error bars have been
combined quadratically.

2225 km. This is still 6% smaller than the known Pluto diameter
(2380 km) — one likely reason being that part of Pluto’s surface
is covered by isothermal Nj-ice at ~37.4 K, which contributes
little to the dayside thermal emission at the shorter wavelengths
— but error bars (Table 6) encompass the true value. Thus the in-
troduction of Charon essentially reconciles the radiometric Pluto
diameter with its established value. In this two-component fit,
the ALMA-derived relative emissivity for the Pluto/Charon sys-

tem is 0.88*00% at 860 um. It is gratifying that even with this
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Fig. 9. Flux measurements, spectral energy distribution and relative emissivity spectra (in inset) of the Pluto/Charon system, for the one- and
two-component NEATM fits. Left: one-component fit, with following parameters: D = 2294 km, p, = 0.64, n = 1.38. Right: two-component fit,
with fixed diameter/albedo for Charon. Model parameters are: Charon, D = 1207 km, p, = 0.362, = 1.20; Pluto, D = 2225 km, p, = 0.61,
n = 2.56. In the left panel, different colors show NEATM fits applied to the conditions of the different observations (Spitzer, Herschel, and ALMA).
In the ring panel, the individual model Pluto (red) and Charon (green) components are shown for the Herschel conditions, and the total model flux

(black) is shown both for Herschel (solid line) and Spitzer (dashed line).

simple model, the emissivity is only 1o different from that ob-
tained using the more detailed thermophysical models.

3.6.2. IRAM/NIKA2 observations

Most recently, the Pluto system was observed during the com-
missioning of the new NIKA2 wide-field (6.5 arcmin cov-
ered by 2900 detectors) dual-band (1.15 mm/2 mm) camera in-
stalled at the IRAM-30 m radio-telescope on Pico Veleta, Spain
(Calvo et al. 2016)9. Observations were taken on Feb. 29, 2017,
UT 7.25-9.20, corresponding to 1.44 h on-source time and ob-
serving longitude L = 87 +2. Although, unlike the SMA, VLA
and ALMA observations of Butler et al. (in prep.), these do not
resolve Pluto from Charon, they provide the first detection of
the system at 2 mm. The 1.15 and 2 mm bands cover approxi-
mately ~230-285 GHz and ~125-175 GHz at mid-power, with
effective frequencies of 150 and 260 GHz. The Pluto+Charon
fluxes were reported to be 4.8+0.2+0.3 mJy at 2 mm and
15.1+£1.0+£ 1.1 mJy at 1.15 mm (Adam et al. 2017), where the
first (second) error bar indicates the statistical (calibration) un-
certainty. We combine quadratically these error bars.

Applying the thermophysical model of Lellouch et al. (2016)
to the geometry of these observations, we find that the ALMA-
derived model, which has a system-weighted absolute emissivity
of 0.72, is fully consistent with the 2 mm flux but falls below the
measured 1.15 mm flux by 1.50. Fine-tuning the model to the
observations, optimal fits of the 2 mm and 1.15 mm fluxes are
achieved for absolute emissivities of 0.74 + 0.06 and 0.85 + 0.07,
respectively. In the submm range, Lellouch et al. (2016) found
that the emissivity of the Pluto system decreases from ~1 at
20-25 um to ~0.7 at 500 um. This, and the fact that a non-
monotonic variation of the emissivity over 0.86—1.15-2 mm does
not seem plausible, makes us suspect that the 1.15 mm flux re-
ported by Adam et al. (2017) is slightly overestimated. In this
respect, an additional source of uncertainty is the yet unknown

® We had ourselves acquired Pluto dual-band 1.15/2 mm data on
Feb. 19-20, 2014 with NIKA (the prototype of NIKA2), in the frame-
work of IRAM proposal 118-13, but data reduction for those observa-
tions, taken in Lissajous mode, is fraught with complexity and has not
so far provided a reliable photometry.

telescope/instrument gain response with elevation, that would af-
fect the 260 GHz flux at low elevation, but not the 150 GHz
flux (J.-F. Lestrade, priv. comm.), an issue that will be revisited
when more observations of calibrators with NIKA2 are avail-
able. For the time being, the ALMA-derived separate emissivi-
ties and Pluto and Charon are retained.

3.7. Other objects

We finally briefly reconsidered a few additional mm/submm
observations of TNOs/Centaurs from the literature. Few of
these measurements led to actual detections. Exceptions are
Varuna (Jewitt et al. 2001; Lellouch et al. 2002), 1999 TCjz¢
(Altenhoff et al. 2004, who also obtained upper limits on 6 other
objects), and Eris (Bertoldi et al. 2006).

Varuna: we first focus on the case of Varuna for which the
above two measurements at radio wavelengths provided best fit
diameters of 900-1060 km, in sharp contrast with the Spitzer
(500+ 100 km, Stansberry et al. 2008) and Spitzer/Herschel
(668*2* km, Lellouch et al. 2013) values. Performing the same
NEATM analysis as for all the TNOs observed by ALMA,

we find an updated diameter of 654*]53 km, but unphysical

mm/submm emissivities of 2.49f{63 at 0.850 mm and 1.91”_’5:33
at 1.20 mm, using the fluxes reported by Jewitt et al. (2001) and
Lellouch et al. (2002). This indicates a gross inconsistency be-
tween the far-IR and mm/submm measurements.

Sicardy et al. (2010) reported on a stellar occultation by
Varuna on Feb. 19, 2010. This occultation, which was acquired
near maximum light curve of the object, provided one 1003 km
long chord across the object — in itself sharply inconsistent
with the spherical solution from Spitzer/Herschel — along with
a non-detection just 225 km south of that chord. Although this
is insufficient to determine a complete shape and orientation
model, probability considerations indicate that the most likely
shape of the object is strongly elongated, with a ~ 860 km and
¢ ~ 375 km (Sicardy et al. 2010). Varuna is also characterized by
a marked optical light curve (Am = 0.42 mag, period = 6.344 h).
Assuming hydrostatic equilibrium and considering different sur-
face optical properties and pole orientation, Lacerda & Jewitt
(2007) constrained axis ratios to be in the range b/a = 0.63—-0.80
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and c/a = 0.45-0.52. We here adopt for definitiveness a =
860 km, b = 550 km, and ¢ = 390 km (the lunar model
and aspect angle = 75° from Lacerda & Jewitt 2007), giving
p» = 0.048. As was done above for Chariklo and Chiron, we
refitted the Spitzer/Herschel data allowing for an overall scaling
factor ficae On this shape model. Assuming that all observations
referred to an intermediate phase between light curve maximum
and minimum, we inferred fcae = 0.60*)4¢ and n = 2.0*9. The
Spitzer data for Varuna include two epochs while the Herschel
data correspond to yet another epoch. Even if all three epochs
corresponded to light curve minimum, the required scaling factor
would still be only 0.68t8:(1)§, grossly inconsistent with ficye = 1.

In contrast, the mm/submm measurements of Jewitt et al.
(2001) and Lellouch et al. (2002) appear consistent with the
above shape model. We fitted them separately (i.e., not in-
cluding the Spitzer/Herschel data), assuming that they sam-
ple rotationally averaged conditions'?, and adopting a beam-
ing factor n = 1.175+0.42. This number comes from fitting a
Gaussian distribution to the 85 beaming factor values reported
by Lellouch et al. (2013) — and is similar to the “canonical”
1.20+0.35 value from Stansberry et al. (2008). A bolometric
emissivity of 0.90 +0.10 was still specified. These assumptions
lead to relative emissivities of 0.81 +0.23 and 0.62 + 0.23 at 0.85
and 1.20 mm, respectively, in full agreement with the values de-
rived for other objects. It thus appears that the ~30- detections
reported by Jewitt et al. (2001) and Lellouch et al. (2002) were
likely to be real, although we regard these derived emissivity
values as tentative. The inconsistency between the occultation-
derived size and the far-IR thermal measurements remains to be
elucidated; for this a more detailed shape model from future stel-
lar occultations will be welcome.

1999 TCs6: from stacking of IRAM observations gath-
ered over Dec. 2000—Mar. 2003 (~4 h integration total),
Altenhoff et al. (2004) reported the detection of 1999TC3¢ with
a 1.11 £0.26 mJy flux at 250 GHz. Their inferred diameter was
609’:23 km, largely inconsistent with the Spitzer/Herschel pre-

ferred solution (D = 393*35 km, Mommert et al. 2012). Our
joint NEATM analysis of the data would indeed lead to a similar
D= 395”_’%% km and an unphysical relative emissivity of 2.08fgj%
at 250 GHz. 1999 TCj3g is a triple system (Benecchi et al. 2010)
with rather similar relative sizes, estimated to ~272, 251 km
and 132 km assuming equal albedos (Mommert et al. 2012).
The largest two components (A1, A2) orbit each other with dis-
tance a ~ 867 km and period P ~ 1.9 days. However the
orbit orientation is such that they are not mutually eclipsing,
and the overall photometric variability of both the central pair
(A1+A2) and of the third component (B) is small and shows
no evidence for a light curve. We note also that 1999 TCsq
has traveled ~22° on its orbit over the entire time interval
(Dec. 2000—July 2004—July 2010) covered by the thermal ob-
servations, restricting any changes of the sub-solar latitude to
less than this number. All of this effectively rules out geometri-
cal or orientation considerations as the cause of the discrepant
far-IR and mm data. As the Spifzer and Herschel detections
have high S/N (see Mommert et al. 2012), this suggests that the
Altenhoff et al. (2004) detection might not be real. ALMA ob-
servations (resolving the system) should confirm the mm fluxes.

Eris was detected from IRAM in 2006 (Bertoldi et al.
2006) and later by Spitzer (Stansberry et al. 2008) and Her-
schel (Santos-Sanz et al. 2012; Lellouch et al. 2013). These data,
along with the occultation results from Sicardy et al. (2011) are

10 Each of the two observations included several long (~0.75-h to ~2-h)
integrations on 2 to 5 separate dates.
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Table 7. Emissivity correlation searches and statistics.

a b

Variables Nalues P p

€ vs.D 18 0.293  0.238 (1.20)
€ VS. Dy 18 0.245  0.326 (1.00)
€ VS. 7 18 -0.066 0.794 (0.30)
€ vs. Tss 18 0.009  0.971 (0.00)
€, vs. color 18 -0.287 0.249 (1.20)
€ VS. fuater 10 0.459 0.182 (1.40)

Notes. @ p: Spearman rank correlation coefficient; ® p: significance
p-value of correlation; © H,O ice content, as defined by Brown et al.
(2012).

Wavelength  Nyyues Median®  Mean + stdev
0.87 mm 6 0.714:8:8? 0.72 +0.08
1.3 mm 12 0.70f8:ig 0.73+0.15
Both 18 0.70f8:g 0.73+0.13

Notes.  Error bars encompass central 68.2% of values.

analyzed jointly by Kiss et al. (in prep.). We note also that
new ALMA measurements of the Eris-Dysnomia system have
recently become available (program 2015.1.00810.S, PI. M.E.
Brown).

We note finally that Margot et al. (2002) reported a success-
ful detection of 2002 AW,¢7 at 1.2 mm from IRAM and esti-
mated a ~890 + 120 km diameter, but did not quote the measured
fluxes, which prevents us for performing a reanalysis.

4. Discussion and conclusions

Including the  two-wavelength  measurements  from
Brown & Butler (2017) (4 objects, 8 measurements), and
the values for Pluto and Charon based on the Butler et al.
(in prep.) ALMA data — but not our more tentative inferences
for Varuna — we now have radio (mm/submm) emissivities
for 12 Centaurs/TNOs (18 independent values). Figure 10
displays these emissivities as a function of conceivably rele-
vant parameters, that is, diameter, geometric albedo, beaming
factor'!, sub-solar temperature as per the NEATM model, and
color (i.e., the slope of the visible spectrum, taking values
from Lacerda et al. 2014). These plots, along with a simple
Spearman rank correlation analysis (Table 7), reveal no sig-
nificant correlation of the emissivity with any of these five
parameters, yet the dispersion exceeds individual error bars,
suggesting real variability. Table 7 also summarizes statistics
for the emissivities, considering either separately or together the
0.87 and 1.3 mm values. Noting that the dual-band emissivity
measurements of Brown & Butler (2017) do not suggest any
consistent emissivity trend with wavelength, we recommend
using a ¢ = 0.70 £ 0.13 median value for interpreting further
measurements at mm/submm wavelengths.

Subdued emissivities at radio wavelengths are commonly
measured in solar system bodies, yet interpreted in various
ways. For asteroids, absolute emissivities of 0.6—0.7 were

' For Pluto and Charon, the equivalent beaming factor was recalculated
by using the range of thermal inertia proposed by Lellouch et al. (2016).
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Fig. 10. Derived radio emissivities plotted as a function of diameter,
geometric albedo, beaming factor, sub-solar temperature, color slope,
H,O ice content, and CH, ice characteristic grain size (see text). Dashed
lines indicate simple linear fits.

reported (Redman et al. 1992; Miiller & Lagerros 1998). They
were initially attributed to grain size dependent sub-surface scat-
tering processes, but later shown to most likely result from
a combination of surface roughness (differentially enhancing
the short-wavelength fluxes), sub-surface sounding to deeper,
colder temperatures relative to the dayside surface at the longest
wavelengths, and specular reflection at the surface with a mod-
erate (~2.3) dielectric constant (Keihm et al. 2013). Radio-
observations of cometary nuclei also indicate emissivities lower
than 1, for example, ~0.5 for C1995 OI Hale-Bopp to reconcile
sizes derived from IR and mm data (Ferndndez 2002), and <0.8
(with 0.67 as the best guess value) for 8P/Tuttle (Boissier et al.
2011).

The NEATM (and thermophysical) model approaches we
have used here implicitly define the emissivity in reference to
the fluxes emitted from the surface itself. However, the anal-
ysis performed for Pluto/Charon by Lellouch et al. (2016, see
their Table 2) indicates that for this system at least, allowing for
the decrease of the dayside temperature in the sub-surface lay-
ers would lead to an increase of the emissivity by 1-4% only
at 500 um (and beyond), even if the sub-diurnal layer is reached
and its temperature affected by seasonal thermal inertia effects. A
similar analysis cannot be done for the other objects under study

: E :
L e T M
I 1

here because we do not have a good handle on their individual
thermal inertias. Still, the magnitude of the thermal gradient in

the subsurface depends on (decreases with) the thermal inertia
Vo

&0T3,
lation have thermal inertias of ' = (2.5+0.5) J m™2s~!/2K™!
(Lellouch et al. 2013), that is, 5—10 times less than Charon and
Pluto, but this effect is largely compensated in the expression of
® by a ~20 times larger rotation rate w. Thus, although detailed
calculations cannot be done, we suspect that sub-surface sound-
ing is not the primary cause of the low radio emissivities. We also
note that if it were the case, we might except a negative correla-
tion of the radio emissivity with T (for given values of I" and
w, a higher T corresponds to a lower 0, that is, a larger thermal
gradient in the subsurface, and thus a lower apparent emissivity
if sub-surface sounding was the cause), and a positive correla-
tion with the beaming factor 7, which is a proxy for ®; those are
not apparent in Fig. 10.

Dielectric reflection of the upward thermal radiation at the
surface interface may contribute to some of the depressed emis-
sivities, but this effect is unlikely to be the dominant explanation.
For example, a disk-averaged absolute radio emissivity of 0.54
(e = 0.60) for a smooth surface implies a dielectric constant of
~24, much higher than, for example, the value for solid organ-
ics (1.2, Paillou et al. 2008) or H,O ice (~3.1, ibid.). Although
some materials have much higher dielectric constants, for exam-
ple, ~25 for some iron oxides, this does not seem to be a realistic
explanation. Applying the Ostro et al. (2009) relationship relat-
ing the dielectric constant and the near surface density p would
also lead to an unrealistic p = 5.1 g cm™> density. Furthermore,
the dielectric effect should be spectrally independent over the
mm/submm range, unlike what is seen for Orcus and Quaoar in
the Brown & Butler (2017) data.

The low emissivities observed here are reminiscent of simi-
lar findings on Giant Planet icy satellites, including (i) 340 mm
brightness temperatures of Europa and especially Ganymede
well below the subdiurnal temperatures (Muhleman & Berge
1991) and (ii) apparent emissivities of 0.4-0.9 in most of Sat-
urn’s satellites at 2.2 cm (e.g., Ostro et al. 2006; Janssen et al.
2009; Le Gall et al. 2014, 2017; Ries & Janssen 2015), as well
as of composition and texture-dependent emissivities of ice and
snow on Earth (Hewison & English 1999). Scattering effects are
usually invoked, either at the surface in the presence of micro-
scopic surface roughness, or, for transparent media, in volume,
due to inhomogeneities or voids on scales comparable to A.

Scattering effects are dependent on particle-size, and pro-
duce emissivity minima for sizes a ~ A/4m, that is, ~100 um
for 4 ~ 1 mm. As was already mentioned in Lellouch et al.
(2000Db), this behavior was verified in models of terrestrial snow
emissivity at 5-90 GHz as a function of particle size, absorption
coefficients, and medium density (Sherjal 1995). These calcula-
tions are relevant for comparison with our measured emissivities
because the absorption coeflicient of ice at 260 K and 6 mm
(50 GHz) is similar to that at 50 K and 1.2 mm (Mitzler 1998;
Lellouch et al. 2016). They indicate that for a snow density of
0.15-0.20, a minimum nadir emissivity of 0.65-0.70 is reached
at a ~ A/4n. Emissivity increases with increasing density, but
low densities in upper surface layers are likely for TNOs, given
that their low thermal inertia suggests considerable near-surface
porosity (Lellouch et al. 2013; Ferrari & Lucas 2016), and that
the bulk density of TNOs smaller than ~1000 km is already sig-
nificantly less than 1 (Brown 2013a; Vilenius et al. 2014).

We speculate that part of the diversity we are seeing in TNO
emissivity may be due to a variability in the mean particle size

I" through the thermal parameter ® = . TNOs as a popu-
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in the surface/upper sub-surface layers probed by the thermal
radiation. Many KBOs show the spectral signatures of H,O ice
(Barucci et al. 2011; Brown et al. 2012). While spectra bear, in
principle, information on particle size, the latter is generally hard
to disentangle with effects due to H,O abundance, geographical
coverage, and state of mixing (geographical vs. intimate). For
this reason, we classify our objects of interest according to the
Jwater proxy defined by Brown et al. (2012) for the overall “wa-
ter ice amount” in the spectrum. Plotting the radio emissivities
Versus fiaer'> suggests (Fig. 10) a possible increase of € with
Swater, €specially visible at 0.87 yum. The Spearman rank corre-
lation coefficient and statistical significance are low (0.46 and
1.50, respectively) but still the strongest in Table 7. Thus, ob-
jects with the lowest radio emissivities may have effective parti-
cle sizes of ~100 um, and the positive correlation between ¢; and
Swater» if real, could be explained if an increased fy e, traces an
increase in particle size. As suggested by the last panel in Fig. 10,
a similar correlation between grain size and radio emissivity
— but restricted to three objects — may occur for the methane-
rich bodies in our sample (Makemake, Pluto, Quaoar). Here we
use CHy grain sizes of 1 cm for Makemake (Brown et al. 2007,
Tegler et al. 2007), and 100 um for Quaoar (Schaller & Brown
2007); for Pluto, based on New Horizons data, Protopapa et al.
(2017) report a variety of grain sizes (from 70 to 1140 um) for
the CH4-dominated CH4:N; unit and we adopt a weighted mean
of 750 um. We finally note that based on a study of the 3.2 mm
light curve of (4) Vesta, Miiller & Barnes (1997) similarly con-
cluded that the grain-size distribution in the 100 um range seems
to control the emissivity at this wavelength, with spatial varia-
tions in grain size causing large perturbations on the rotational
thermal curve.

Probably the most surprising aspect of the emissivity re-
sults is the spectral variation of emissivity for Quaoar and Or-
cus seen in the data of Brown & Butler (2017), with both objects
showing marked but opposite emissivity trends over the short
0.87-1.3 mm wavelength interval. This is unexpected because in
the framework of scattering effects, the emissivity minimum at
A ~ 4 a is expected to be broad in conjunction with a parti-
cle size distribution (see e.g., Fig. 4 of Redman et al. 1992). A
similar and equally unexplained behavior was observed for as-
teroid (2867) Steins by Gulkis et al. (2010), who reported emis-
sivities of 0.6-0.7 and 0.85-0.9 at 0.53 and 1.6 mm respectively.
Whether this behavior is frequent in TNOs and deserves partic-
ular attention will require a much more extensive survey than
presented here.

As a practical conclusion, until these aspects are clari-
fied and the possible above trends consolidated, we recom-
mend, for the analysis of isolated mm/submm fluxes of TNOs,
the use of a bolometric emissivity of 0.90+0.06, a relative
mm/submm emissivity of €, = 0.70 +0.13, and a beaming fac-
tor of 1.175 + 0.42. Applying this to the ALMA 233 GHz mea-
surement of 2014 UZy4 (Gerdes et al. 2017), we infer D =
633*gs km. Here the model uncertainty contributes to *73 km,
that is, ~10%. This is about twice larger than the systematic un-
certainty quoted by the authors (f;g km), who used €. = 0.68
without error bars. While a ~10% model uncertainty on the di-
ameter induces a 30% error on the volume (i.e., density), errors
on the volume associated to unknown shape/orientation, may be
even bigger, as exemplified by the diverse values reported in
literature for Chariklo’s diameter. For precise determination of

12 In doing this we exclude Chiron and Chariklo due to the variability
of the ice features in their spectrum.
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KBO densities, a combination of rotational light curves, stellar
occultations, and thermal data is required.
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Appendix A: Absolute flux calibration

A good knowledge of the 233 GHz flux of the calibrators, which
may be time-varying, is critical for the reliability of the TNO flux
scale. Out of the 12 quasars observed in our program, 9 are mon-
itored from ALMA (normally at 91.5, 103.5, 233 and 344 GHz)
and from the SMA at 1 mm (~225 GHz) and more occasion-
ally at 0.85 mm (~345 GHz). These measurements are displayed
in Fig. A.1.1 over a 200-day period (Dec. 20, 2015-July 7,
2016) spanning our observing period. ALMA 233 GHz mea-
surements are the most direct source of information for our pur-
pose, but are less abundant than at other bands. To estimate the
233 GHz fluxes at the relevant dates (marked by the vertical bars
in Fig. A.1.1), we combined this information with (i) ~225 GHz
SMA measurements and (ii) flux values in ALMA Band 3 and
Band 7 and the associated spectral indices. Details follow:

— J1924-2914 (Chariklo). This object is very stable in time.
Direct 233 GHz measurements from ALMA indicate a mean
flux of 3.47+0.024 +0.24 Jy, where the first error bar is
the formal uncertainty calculated from the individual errors,
and the second one is the standard deviation between the in-
dividual measurements. Spectral index (spix) fitting of the
mean 91.5, 103 and 343 GHz fluxes gives spix = —0.56 and
a 233 GHz flux of 3.55 Jy, fully consistent with above. Be-
cause we do not have any other quasars available to calibrate
the Chariklo data, we conservatively adopt a 3.51 £ 0.24 Jy
flux, that is, a 6.8% uncertainty.

— J1733-1304 and J17514+0939 (2002 GZs;). J1733-1304
is also very stable in time, with a mean flux of
1.89+0.026 + 0.19 Jy. Spectral index fitting of the 91.5, 103
and 343 GHz fluxes gives spix = —0.61 and a 233 GHz flux
of 1.86 Jy. We initially adopt a 1.87 Jy flux. J1751+0939 is
more variable, but its 233 GHz flux was measured on Jan. 26,
2016 (3 days before 2002 GZ3;) to be 1.35 +0.09 Jy. Speci-
fying a 1.87 Jy for the prime calibrator J1733-1304 leads to
1.28 Jy for J17514+0939 in our data. A better overall com-
promise is achieved by specifying 1.93 Jy for J1733-1304
(+3.2% higher than the initial estimate, in which case the
measured J17514+0939 flux is 1.31 Jy (3.3% too low). We
thus adopt 1.93 +0.06 Jy (3% uncertainty).

— J1550+0527 (Huya). This object shows variability and
ALMA and SMA data do not appear fully consistent. For
Feb. 8, 2016, the SMA provides a 0.695 +0.037 Jy flux at
225.52 GHz, that is, 0.680+0.037 Jy at 233 GHz given
a spix of —0.69 +0.05, derived from 12 sets of 91, 103.5
and 343.5 GHz ALMA measurements. In contrast, ALMA
provides 0.54 +£0.01 Jy over Jan. 19-26, 2016. The Huya
data were taken on Jan. 25. Adopting 0.68 (resp. 0.54 Jy)
for J1550+0527 would yield 1.08 Jy (resp. 0.85) Jy for Ti-
tan, which was observed on the same date. Our Titan mod-
els (e.g., Moreno et al. 2012) predict 0.96 Jy for that date.
We finally adopt 0.61 +0.07 Jy (i.e., 11.4% uncertainty) for
J1550+0527. We note that J1549+0233 was observed as an-
other phase calibrator but this object is not well enough char-
acterized (see Fig. A.1) to serve as flux calibrator.
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- J1229+0203 (Makemake). This variable quasar, a.k.a.
3C273, is particularly monitored at the SMA, and measure-
ments on March 2 (i.e., the same day as our Makemake ob-
servations), indicate a 225.47 GHz flux of 11.160 + 0.559 Jy.
ALMA 91, 103.5, and 343 GHz measurements indicate a
spix of —0.67 = 0.05, from which we derive 10.92 +0.55 Jy
at 233 GHz for that date. For conservativeness, and be-
cause we do not have catalog values for the second cal-
ibrator (J1303+2433), we finally adopt 10.9 +£0.75 Jy for
J1229+0203 (6.9% uncertainty).

— J0006-0623 and Pallas (Chiron). Asteroid (4) Pallas was ob-
served as the prime calibrator for the Chiron observations.
Detailed shape and thermophysical models (Miiller et al.
2014) for this object (as well as for (1) Ceres, (2) Vesta and
(21) Lutetia) have been demonstrated to match the ensem-
ble of the available (and independently calibrated) Herschel
PACS and SPIRE measurements over 70-500 um within 5%.
As these models are less constrained at longer wavelengths,
we prefer to use the secondary calibrator (JO006-0623) as
flux calibrator, as it was remeasured at ALMA on Mar. 27,
2016, just 1 day after the Chiron observations, with a 233-
GHz flux of 3.74 £ 0.19 Jy. On another hand, the spectral in-
dex, derived from 10 sets of ALMA 91.5, 103.5 and 343 GHz
dat, is spix = —0.50 £ 0.05. Applying this to the 343 GHz
flux measured on the same date (2.5 +0.34 Jy) would pro-
vide 3.03 +0.41 Jy, only 1.20 consistent with the above. The
weighted-mean average of the two values is 3.61 +0.17 Jy.
We still adopt the directly measured value of 3.74 Jy, but
inflate somewhat the uncertainty to 0.25 Jy (6.7%). With
this, we derive a Pallas flux of 159 + 11 mJy for Mar. 26,
2016, UT = 14h40. The application of the above models
from Miiller et al. (2014) to the UT date of the Pallas mea-
surement gives a flux of 153.7 mJy (with significant thermal
light curve variability: 152 +8 mly), fully within the mea-
surement error, and giving further confidence in both the flux
scale and the Pallas model.

— J0238+1636 and J0237+2848 (Bienor). These two variable
quasars have few 233 GHz measurements, but numerous
91.5, 103.5 and 343 GHz data from ALMA, including for the
precise date of the Bienor data (May 15, 2016). For this date,
spectral index fitting results in 233 GHz fluxes of 1.31 +0.08
and 1.37+0.11 Jy respectively. We adopt a 1.29 Jy for
J0238+1636 (i.e., 1.7% less than the above flux), which us-
ing our own measurements, returns 1.40 Jy for J023742848
(i.e., 2.4% more than above). Given the excellent consistency
between the two quasars, we adopt a 2.5% uncertainty on
their fluxes.



E. Lellouch et al.: Thermal emission of TNOs/Centaurs from ALMA

14] ‘ ‘ T = B ‘ ‘ e | O ‘
| J1550+0527 i J1549.40237 gk
mm SMA 35 st =
12 - . B 1 4 4l 1
= i t BIR ] = 37 l 1 =
2 4L b g 1 = e
3 %25+ ¥ 1 B3] ¥ i
~08f 1 &
b 1 g’ 2 [ 1 § £ I
=1 S 1=
S061 iy ; bo] §1.5—% 122 1
o # 3 hy Q2
EFVIN b g ot et i | s 2 Fii
.1 |
021 1 o5t 1
%% 50 100 150 200 9% 50 100 750 200 Y0 0 100 it 200
Days after Dec. 20, 2015 Days after Dec. 20, 2015 Days after Dec. 20, 2015
° | | TmE] ” | | == | | T
J1733-1304 1§ﬁ§52 - J122940203 Fﬁggg ) 7L J1924-2914 i el
4 L mn 4 20 L . 850’:'“2 SMA 4 6
- H oo 6l ‘]
SHI SH 5
FRIE S5} 1 B ]
< b4 T Tal 4
g 2 l §+1o J g’ )
2 $10r 4« ® 1 33t = #
e g § |- . R CIEE T &
5 |8 @ 5 ° L] Sol ]
1t 5| 1
1 L 4
0% 50 100 150 200 ©0 50 100 150 200 % 50 100 150 200
Days after Dec. 20, 2015 Days after Dec. 20, 2015 Days after Dec. 20, 2015
’ | | gE| | | R | | T
233 GHz —*—1 L 233 GHz +—x—1 | 233 GHz —*—
7! J0006-0623 el J0237+2848 g T al J0238-1636 e
. 35} 1
= 5 = =25l |
36| T a0 .o s 1 32 3¢ B | 3% I
] FOR om ol a4 ;| 8 PRI S - P !
w5l i : | Z25) . 122 A
g g : i g i {
8 & 2t i I 1 w150 * i
S4r 12 & i
g ; k Q150 1 2 ;
Cap ;4 1S b P, | S b I EELR
.
% i ERE : o5t 1
ol | osf 1
0 50 00 750 200 %0 50 100 50 200 Y0 50 100 ‘ 200
Days after Dec. 20, 2015 Days after Dec. 20, 2015 Days after Dec. 20, 2015

Fig. A.1. Flux measurements of nine quasars used as flux or secondary calibrators, over a 200-day period (Dec. 20, 2015-July 7, 2016) spanning
our observations. These measurements are taken from the ALMA Calibrator Source Catalogue13 at 91.5, 103.5, 233 and 344 GHz or from the
SMA Calibrator list'* at ~225 GHz. The vertical bar corresponds to the date of our TNO observations.

3 https://almascience.eso.org/sc/
4 http://smal.sma.hawaii.edu/callist/callist.html

A45, page 21 of 21


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731676&pdf_id=11
https://almascience.eso.org/sc/
http://sma1.sma.hawaii.edu/callist/callist.html

	Introduction
	ALMA observations
	Modeling
	Spherical NEATM fits
	Chariklo: more detailed modeling
	Thermophysical model
	Shape effects
	Ring emission

	Chiron
	Bienor
	Makemake
	Pluto and Charon
	ALMA observations
	IRAM/NIKA2 observations

	Other objects

	Discussion and conclusions
	References
	Absolute flux calibration

