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Detecting heat from minor planets in the outer solar systemhallenging, yet it is the
most efficient means for constraining the albedos and sizksiper Belt Objects (KBOs) and
their progeny, the Centaur objects. These physical pagmate criticale.g, for interpreting
spectroscopic data, deriving densities from the massesinafnb systems, and predicting
occultation tracks. Here we summari@gitzer Space Telescopbservations of 47 KBOs and
Centaurs at wavelengths near 24 and.i#0 We interpret the measurements using a variation
of the Standard Thermal Model (STM) to derive the physicapprties (albedo and diameter)
of the targets. We also summarize the results of other sffortneasure the albedos and sizes
of KBOs and Centaurs. The three or four largest KBOs appeeonstitute a distinct class in
terms of their albedos. From our Spitzer results, we find thatgeometric albedo of KBOs
and Centaurs is correlated with perihelion distance (daokgects having smaller perihelia),
and that the albedos of KBOs (but not Centaurs) are corrblaith size (larger KBOs having
higher albedos). We also find hints that albedo may be coeethaith with visible color (for
Centaurs). Interestingly, if the color correlation is rgaldder Centaurs appear to have higher
albedos. Finally, we briefly discuss the prospects for futiirermal observations of these
primitive outer solar system objects.

1. INTRODUCTION of material in the transneptunian region, and relating vis-
ible magnitude frequency distributions to size- and mass-
frequency is uncertain, at best. Quantitative interpreta-

. . tion of visible and infrared spectra is impossible without
of (15729) 1992 SB”(]‘]?W”E”% Ltuuls_993é. WZ";] KBlgS.b knowledge of the albedo in those wavelength ranges. Size
can be discovered, their orbits determined, and theirtasi estimates, when coupled with masses determined for bi-

light colors measured (to some extent) using modest telﬁéry KBOs (seVoll et al. chapter), constrain the density
scopes, learning about fundamental properties such as si ' '

: _ . '4fd hence internal composition and structure, of these ob-
mass, albedo, and density remains challenging. Determgg

The physical properties of Kuiper Belt Objects (KBOs)
remain poorly known nearly 15 years after the discover

. ) . cts. All of these objectives have important implications
ing these properties for a representative sample of TN

L tant f I Estimating the total r physical and chemical conditions in the outer proto-
IS Important for several reasons. Estimaling the tota ma?)?anetary nebula, for the accretion of solid objects in the
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outer Solar System, and for the collisional evolution opresent initial conclusions regarding the relationship be
KBOs themselves. Of course, there is a relative wealth dfveen albedo and orbital and physical properties of the
information about Pluto and Charon, the two longest knowtargets, and discuss future prospects for progress in this
KBOs, and we do not address their properties further herarea.

The Centaur objects, with orbits that cross those of one
or more of the giant planets, are thought to be the dynard- THERMAL MODELING
ical progeny of KBOs ¢.g. Levison and D”'_”Ca“997? Measurements of thermal emission can be used to con-
Dones et al.chapter). The Centaurs are particularly inter-, train the sizes, and thereby albedos, of un-resolvedttarge
esting both because of their direct relation to KBOs, amsiledesco et al.&1992' 2002) used In,frared Astronomical
also because their orbits bring them closer to the Sun and ’

b h f X . h bridh tellite (IRAS) thermal detections of asteroids to build a
ODSEIVETS, WNEre, 1or a given Size, they are brig ter at an talog of albedos and diameters. Visible observations of
wavelength than their more distant relatives. Because

. . . S e brightness of an unresolved object are inadequate to de-
their planet-crossing orbits, the dynamical lifetimes eh€ g J \

latively sh icallv a few M ¥ termine its size, because that brightness is proportianal t
glj—;s ggeo:f)} atively short, typically a few Mye.g. Horner the product of the visible geometric albedsa;, and the

cross-sectional area of the target. Similarly, the brighsn

The (sjlzbes of some }:BOsha(rj]d CeptaursE‘SPI\_ave beedn qﬁ'the thermal IR is proportional to the area, and is also a
termined by a variety of methods. Using H3Brown and = ¢,,¢tin of the temperature of the surface, which in turn

Trujillo (2004) resolved the KBO 50000 Quaoar, placed aHepends on the albedo. Thus, measurements of both the

uppelr Iiygs%nlghgeéi_ze of Sednﬁil(ozvéraeet a;é2004)|, and visible and thermal brightness can be combined to solve
resoive risBfown et al, ). RecentiRa- for both the size of the target and its albedo. Formally the

binowitz et al. (2005) placed constraints on the size an ethod requires the simultaneous solution of the followin
albedo of 136108 (2003 El.) based on its short rotation tWo equati?)nS' g

period (3.9 hr) and an analysis of the stability of a rapidly

rotating ellipsoid.Trilling and Bernstein(2006) performed - Fo vis 2. Puis (1a)
a similar analysis of the lightcurves of a number of small YT (r/1AU)2 PVTA2

KBOs, obtaining constraints on their sizes and albedos. Ad- R2®,;,

vances in the sensitivity of far-IR and sub-mm observato- Fr = —5 E/BA(T(97 ¢))sinfdfde (1b)

ries have recently allowed the detection of thermal emis-
sion from a sample of outer solar system objects, providinghere I is the measured flux density of the object at a
constraints on their sizes and albeddewitt et al.(2001), Wwavelength in the visible (“vis”) or thermal-infrared ()
Lellouch et al(2002),Margot et al.(2002, 2004)Altenhoff  Fi vis iS the visible-wavelength flux density of the Sun at
et al. (2004), andBertoldi et al. (2006) have reported 1 AU; r» and A are the object’s heliocentric and geocen-
submillimeter—millimeter observations of thermal emgssi  tric distances, respectively; is the radius of the body (as-
from KBOs. Sykes et al(1991; 1999) analyze Infrared As- sumed to be sphericalpy is the geometric albedo in the
tronomical Satellite (IRAS) thermal detections of 2060 Chvisible; @ is the phase function in each regimg; is the
iron and the Pluto-Charon system, determining their sizéddlanck function; and s the infrared bolometric emissivity.
and albedos. Far-infrared data from the Infrared Space OB-= T'(pvq,n, €, 0, ¢) is the temperature, which is a func-
servatory (1ISO) were used to determine the albedos and dien of py-; €, the “beaming parameteny; surface planeto-
ameters of KBOs 15789 (1993 SC), 15874 (1996;5)L graphic coordinate$ and¢; and the (dimensionless) phase
(Thomas et aJ.2000) and 2060 ChironQroussin et al. integral,q (see below for discussions gfandg).
2004). Lellouch et al. (2000) studied the thermal state of In practice, the thermal flux depends sensitively on the
Pluto’s surface in detail using IS@rundy et al. (2005) temperature distribution across the surface of the taage,
provide a thorough review of most of the above, and inuncertainties about that temperature distribution tylpica
clude a sample of binary KBO systems with known massegominate the uncertainties in the derived albedos and sizes
to constrain the sizes and albedos of 20 KBOs. (see Fig. 1). Given knowledge of the rotation vector, shape,
Spitzer Space Telescof@pitzerhereafter) thermal ob- and the distribution of albedo and thermal inertia, it is in
servations of KBOs and Centaurs have previously begiinciple possible to compute the temperature distrilyutio
reported byStansberry et al.(2004: 29P/Schwassmann-Unsurprisingly, none of these things are known for a typi-
Wachmann 1)Cruikshank et al(2005: 55565 2002 AW;), cal object where we seek to use the radiometric method to
Stansberry et al(2006: 47171 1999 Tg), Cruikshank et measure the size and albedo. The usual approach is to use
al. (2006),Grundy et al.(2007a: 65489 2003 FXs) and a simplified model to compute the temperature distribution
Grundy et al.(in preparation: 42355 2002 GR Here we based on little or no information about the object’s rotatio
summarize results from sever@pitzerprograms to mea- axis or even rotation period.
sure the thermal emission from 47 KBOs and Centaurs.
These observations place secure constraints on the sizes Standard Thermal Model
and albedos of 42 objects, some overlapping with determi- The most commonly employed model for surface tem-
nations based on other approaches mentioned above. Wrature on asteroidal objects is the Standard Thermal
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Fig. 1.—Thermal models for KBO 38628 Huya (2000 EB). Spitzer Space Telescopd and 7Qum data are shown as circles, with
vertical error bars within them indicating the measurenuegertainties. Six models are fit to the data, with the resythodel albedos,
diameters, and beaming parameters summarized in the leGeom top to bottom the models are: 1) Hybrid STM fit to 24 ang.#0
data, withn as a free parameter (the therm model used here), 2) Hybridfitfd 24 and 7Q:m data, 3) Canonical STMy(= 0.756)

fit to the 24um data, 4) Canonical ILMif = 1.0) fit to the 24um data, 5) Canonical STM fit to the 70n data, 6) Canonical ILM fit to

the 70um data. Note the close agreement of the albedos and sizeoftelsnl and 2. Fits to data from one band, using the canonical
asteroid values fom, result in much larger uncertainties in the derived paranseparticularly the fits to the 24m data.

Model (STM; cf. Lebofsky and Spencer, 1989, and ref2.2. Isothermal Latitude Model (ILM)
erences therein). The STM assumes a non-rotating (or The cold end-member of the suite of plausible temper-

equivalently, zero thermal inertia) spherical object, andy e gjstriputions for an object in radiative equilibrium
represents the “hot” end-member to the suite of possiblgi, g nlight is the Isothermal Latitude Model (ILM; also
temperature distributions. Under STM assumptions, thg, . as the fast-rotator model). The ILM assumes a
dayside temperature erends only on th?/imgular d'Stargﬁnerical object illuminated at the equator and rotatirrg ve
from the sub-solar point: T(0) = Tocos™/"0, and the uickly (or equivalently, a slowly rotating object with infi
temperature is zero on the night side. The sub-solar po'ﬁhe thermal inertia). The resulting temperature distiitu
temperaturdy, = [(1 — A)S/(neo)]'/* . HereA = qpy depends only on latitude): T(¢) = Thcos'/*¢, where

is the bolometric albedd is the solar constant at the dis—in this case the sub-solar point temperature is given by
tance of the object, andis the Stefan-Boltzmann constant., _ [(1— A)S/(7nea)]'/*. The factor ofr in this expres-

0
E_ven_though the STM represents the hottes_t ree_lsonaple_ déﬁin reduces the subsolar point temperature by 33% relative
tribution of surface temperatures for an object in rad@tiv,, {he STM. Because the ILM is characterized by infinite

equilibrium with sunlight, early studies of the emissionyema) inertia, local temperature variations, and theeef
from asteroids showed that their emission was even h eaming, are precluded: thus tbenonical ILM assumes

ter than predicted by the STM (Jones and Morrison, 1974; _

Morrison and Lebofsky, 1979). That led to the introduction

of the beaming parametes, which allows for localized 2.3. A Hybrid Thermal Model
temperature enhancements on the daysdgin the bot-
toms of craters or other rough features, and the tendency ﬁ_
such warm regions to radiate preferentially in the sunwar

(and, for outer solar system objects, observer-ward) dire*:It 0 either the 24 or 7pm data (4 lower elements in the

tion (.. t_o b_e_am)._ (Note that Wh"ﬁ appears analogously figure legend) match the observed 24 color. As a re-
to the emissivityg, in the expression for the surface temper- : L .

o : sult, the systematic uncertainties on the albedos and diam-
ature,n does not appear explicitly in the expression for the

thermal emission, Eq. 1blDebofsky et al(1986) derived a Z:t;r;rdgpeniglEgcoer;lt);i?]nbwgt?g:;;h; 58 fgl:/ltr?(; llil;slt/ltcl)st#:ed’
value ofny = 0.756 based on 1@m observations of Ceres 9epv y i

and Pallas. We refer to the STM withset to 0.756 as the 70um data, and is uncertain by a factor:efl7 for_ the f'FS
canonical STM to the 24u,m data. (Note, however, that the relative efficacy

of these two wavelengths depends on the temperature of the

Fig. 1illustrates the problems inherentin using either the
M or the ILM to measure the sizes and albedos of KBOs.
n particular, none of the 4 canonical STM or ILM models



target: if the thermal spectrum peaks near the@dband, et al, 2003).
observations at that wavelength will be considerably more In order to use the STM, we must make some assump-
effective at constraining the physical properties of thgeét  tions regarding the nature of the thermal emission and vis-
than indicated by this particular example.) However, if théble scattering. We assume a gray emissivity—= 0.9.
beaming parameter, is allowed to be a free parameter of The infrared phase function,,, = 0.01 magHeg, depends
the fit (top 2 elements in the figure legend), both the coloonly weakly on the emission angle. For our observations,
of the thermal emission and its intensity can be matchedmission angles for all but 5 targets (29P, Asbolus, Elatus,
More importantly, both the STM and ILM give nearly the Thereus and Okyrhoe) weke 5 deg. Because the effects
same diameters and albedos wijths a free parameter. The are small relative to other uncertainties in the models and
basic reason for this is that the 24 anduf@ data provide a data, we have neglected the IR phase effect for all of the
direct determination of the temperature of the thermal emisesults presented here.. We assume standard scattering be-
sion from the object; equating that color temperature to thieavior for the the objects in the visible, i.e. a scattering
effective temperature gives a direct estimate of the size aSsymetry parametey = 0.15, leading to a phase inte-
the target, independent of the details of an assumed tempgral ¢ = 0.39 (Bowell et al, 1989). This assumption also
ature distribution (and independent of the visual brighsne allows us to directly relate the geometric albede, the
as well). diameterD, and the absolute visual magnitudg; via
While the beaming parameter was introduced to modgh — 1346p%/2 10~Hv/5 whereD is in km (Bowell et
enhanced localized dayside temperatures and infrarggl 1989;Harris, 1998). By utilizing the absolute visual
beaming, it can also mimic the effects of other influences omagnitude in this way, the scattering phase functiby,
the temperature distribution, such as pole orientatiote(noapparently drops out; however, if the actual scattering be-
that the emission from a pole-on ILM is indistinguishablénhavior differs from the assumption above, our albedos and
from the STM), and intermediate rotation rates and thegdiameters will still be affected because the scattering be-
mal inertias. For example, a rotating body with non-zer@avior determines the value gf We note, also, the results
thermal inertia will have lower dayside temperatures thasf Romanishin and Tegler (2005), who found that absolute
predicted by the STM, but an STM with a valuespfarger  magnitudes available through the IAU Minor Planet Center
than would be supposed based on its surface roughness wiid through the Horizons service at the Jet Propulsion Lab-
have a similar color temperature. Likewise, a quickly rotatoratory have are biased downward (brighter) by 0.3 magni-
ing body with a low thermal inertia will have higher daysidetudes. TheH, values shown in Table 1 are culled from the
temperatures than predicted by the ILM, an effect that cashotometric literature, and should be fairly reliable.
be mimicked by an ILM withy < 1. For low albedo objects, the albedos we derive depend
Returning to the top two models in the legend of Fig. lonly weakly on the assumed value @f while for high-
the STM fit results iy = 1.09, suggesting that the tem- albedo objects the value gfexerts a strong influence (see
perature distribution on the target (the KBO 36828 Huyagxpressions fofl, in Sections 2.1 and 2.2). For the exam-
is cooler than predicted by the canonical STM with=  ple of 38628 Huya (Fig. 1), changing to = 0.8 makes
0.756. Likewise, for the ILMn = 0.41, suggesting that the only a< 1% difference in the albedo. However, if we use
surface is significantly hotter than would be predicted by, = (.39 to model the data for the 4 largest objects in the
the canonical ILM with) = 1. sample, 90377 Sedna, 136199 Eris, 136108 (2003 L
L and 136472 (2005 Ry, we obtain geometric albedos that
24. Thermal Model: Application exceed a value of 2. While not (necessarily) unphysical,
In the following we adopt a thermal model in which thesuch high values for the geometric albedo are unprece-
beaming parameter, along with size and albedo, are free g#ented. Pluto’s phase integrak 0.8, so for these 4 objects
rameters which we use to simultaneously fit observed flufonly) we adopt that value instead.
densities at two thermal wavelengths, and the constraint )
imposed by the visual brightness of the object. Becaused- Thermophysical Models
such models have temperature distributions intermediate More sophisticated extensions to the STM and ILM in-
between the canonical STM and ILM, they can be thoughdlude the effects of surface roughness and (non-zero, non-
of as a hybrid between the two. Further, because the syafinite) thermal inertia $pencer 1990), and viewing ge-
tematic uncertainties in the model albedos and diameteggetries that depart significantly from zero phase (Harris,
associated with the choice of hybrid STM or hybrid ILM are1998). However, for the purpose of determining KBO albe-
fairly small relative to the uncertainties in the measurer fl dos and diameters from their thermal emission, the hybrid
densities and other model assumptions, we simply adopt t&M gives results and uncertainties that are very similar to
hybrid STM as our model of choice. (The error barsen  those obtained through application of such thermophyscal
and D stemming from the choice of STM or ILM hybrid models €.g. Stansberry et al2006). Because the hybrid
model in Fig. 1 areS 4% and < 2%.) We note that a STM is much simpler, and it produces results comparable to
number of studies have employed a similar approach withermophysical models, we employ only the hybrid STM.
variablen (e.g. Harris 1998;Delbo et al, 2003;Fernandez  (We note that thermophysical models are of significant in-



terest for objects where the pole orientation and rotationaapabilities. One&pitzerprogram has specifically targeted
period of the target are known, because such models cah of the Classicals, but data analysis is ongoing.
then constrain the thermal inertia, which is of interestsn i The visible photometric properties of the sample are di-

own right). verse, and generally span the range of observed variation
except in terms of the absolute magnitudes, which for the
3. SPITZER OBSERVATIONS KBOs are generallydy, < 7. The spectral properties

of KBOs and Centaurs are reviewed in the chapters by
o@arucci et al., Tegler et al.and Doressoundiram et al.

located to attempts to detect thermal emission from KB . o
and Centaurs, with the goal of measuring their albedos arl;] re we summarize those characteristics as regards our sam-
. ple. The visible colors, given in Table 1 as the spectral

diameters.Spitzerhas a complement of three instruments,I d relative to V th f
providing imaging capability from 3.6 — 160m, and low- > oP€ (measured relative to V), cover the range from neu-

resolution spectroscopy from 5 — 1061 (Werner et al, tral to very red (Pholus). Visible absorption features have

2004). The long-wavelength imager, MIPS (Multiband?se,\len reggg;g :2 the O.GEO.ggg)er,egion E)r 47932 (,[2000
Imaging Photometer fd8pitzer Rieke et al.2004), has 24, 171 uya, and ( A4) (Lazzarin et al,

70 and 16Q:m channels. Because of the placement of thes?e003;de Bergh et al.2004; Fornasier et al. 2004). Sev-

channels, and the sensitivity of the arrays (which are at Ieaeral of the targets exhibit near-IR spectral features, with

10 times more sensitive than previous far-infrared sadslli ter and methane ices being the dominant absorbers iden-

. . . ified. Water ice detections have been made for 10199
such as IRAS and ISO), MIPS is well-suited to studying th hed.
thermal emission from KBOS. hariklo, 83982 (2002 G§), 47171 (1999 Tgg), 47932

(2000 GN~1), 90482 Orcus, 50000 Quaoar, and 136108
3.1. TheSample (2003 ELg;). 55638 (2002 Vbs) exhibits methanol ab-
sorption, as does 5145 Pholus, along with its strong water
iﬁe absorption. Methane ice is clearly present on 136199
ris (Brown et al.2005), and 136472 (2005 kY(Licandro
al, 2006a;Tegler et al, 2007;Brown et al, 2007), and

Roughly 310 hours of time on th@&pitzerhave been al-

Spitzerhas targeted over 70 KBOs and Centaurs wit
MIPS. About 2/3 of the observations have been succesf
at detecting the thermal emission of the target, althou

in some of those cases the detections have a low sign 36199 Eris may also haveNce (Licandro et al.2006b).

':gargse :jago (tSNR)' Heare dwe_ detshcn?e tos?servan(;rzﬁ of .Two of the objects exhibit surface heterogeneity: 31824
. sfan ~en aurima et' urmgf the lrst : y.eazls Ob . etml ‘latus Bauer et al, 2003) and 32532 ThereuB4rucci et
sion, focusing on observations of the intrinsically brigt al., 2002:Merlin et al, 2005).

objects (i.e. those with the smallest absolute magnitudes,
Hy), and of the Centaur objects. Table 1 summarizes th®2. The Observations

orbital and photometric properties of the sample. Most of the t s in th | ted h
The distribution of the objects in terms of dynamical ost of the targets in the sample presented here were

class is also given, in two forms. The second to last COEbserved in both the 24 and gt channels of MIPS. In

umn, labeled “TNO?”, indicates whether the orbital semi few cases, when the target was predicted to be too faint
observe in the second channel, only one channel was

major axis is larger than Neptune’s. By that measure, Stf o N .
of the objects are trans-Neptunian Objects (TNOs), and 1u7'sed. Integration times vary significantly, ranging fron®20

are what might classically be called Centaur objects; thztit 4000 sec.dA(;Sl?gzerobserlvatl?rr]lst(t)g KBOs ar_ld gen-tl
classification is nominally in agreement with the classific aurs proceeded, it became clear that they were significan

tion scheme proposed in ti@ladman et al. chapter, al- aharderto detect than had been predicted prior to the launch.

though they classify Okyrhoe and Echeclus as Jupiter fané—he difficulty was due to a combination of worse than pre-

ily comets, rather than Centaurs. Another classificatio icted sensitivity for the 7@m array (by a factor of about

scheme has been proposedgijot et al. (2005; see also 2), and the fact that KBOs are colder and smaller than as-

Dones et al. chapter) as a part of the Deep Ecliptic gyrSumed. As these realities made themselves evident, later

vey (DES) study, and the target classification thereund(g,?PservIng programs implemented more aggressive observ-
appears as the last column in the table. According to g9 strategies, and have generally been more successiul tha

DES classification, 21 of the targets in tBpitzersample the early observations.
are Centaurs. In some cases the same target was observed more than

Thus, about 30-40% of the sample we discuss here af8¢¢- These observations fall into three categories: re-
Centaur,s and the rest KBOs. Among the KBOSs, only eat observations seeking to achieve higher sensitivity

objects are Classical, while 12 are in mean-motion res €.9. 15875 (1996 Tky) and 28978 Ixion), multiple vis-

nances with Neptune, 9 are in the scattered disk, and oH to characterize lightcurves (20000 V"’?r“”a and 479.32
(90377 Sedna) is in the extended scattered disk: Classié poo GNr.) are the only cases, and nelther_obse_rv_atlon
objects are under-represented. Because Classicals do Hrqduced a measura_ble lightcurve), and ”?”'“p'e visits to
approach the Sun as closely as the Resonant and Scattq?%}\’\éfor ths subttr_a Ct'?n O‘If'r? a(l:)kgr.ou.gd Objfe cts éscc)i-calleg
Disk objects, and because they have somewhat fainter ap:'acdow observations ): € basic 1dea of 4 shadow 0b-
solute magnitudes, the Classicals are at the ed@iser servation is to observe the target, wait for it to move out of



Fig. 2.—Processing of th&pitzer24 um data for 90482 Orcus. The left panel shows the typical uafiimage available through
the data pipeline, with scattered light and dark latenfats still present. The center panel shows the improvesrtbiat can be made
by correcting the aforementioned artifacts, and refleagytality of the data we analyzed for targets that were imagédonce. The
right panel shows further improvement due to the subtraaifca shadow observation, and reflects the quality of datanaéyzed for
targets that were imaged two or more times.

the way, then re-observe the field. By subtracting the twadopted systematic uncertainty includes significant margi
images, the emission from stationary sources is removet. account for degraded repeatability for faint sources. Ad
Fig. 2 illustrates the shadow method, as well as some ditional uncertainty comes from the finite SNR of the detec-
the extra processing we apply to tBpitzer24um data to tions themselves, which is estimated from the statistics of

improve its quality. values falling in the sky annulus and/or sky apertures. We
root-sum-square combine the systematic uncertainty with
3.3. Photometry the measurement uncertainty determined from the images

Flux densities were measured using aperture photom- estimate the final error bars on our measurements, and
try, as described i€ruikshank et al(2005) andStansberry use those total uncertainties in estimating the physical pa
et al. (2006). The apertures used encompassed the corerafneters we report. The SNR values we tabulate below re-
the PSF, out to about the first Airy minimum (their angulaflect the errors estimated from the images, and so provide
radii were 10 and 1% at 24 and 7@:m). Small apertures an estimate of the statistical significance of each detectio
were used to maximize the signal-to-noise ratio (SNR) of
the measurements. Sky measurements were made in the SPITZER RESULTS
standard way, with an annulus surrounding the object aper-

turg, and also by placing multiple circular apertures in thg eters we derive from them, are given in Tables 2 and 3.
region around the target when the presence of backgrou ble 2 gives our results for those objects observed in both

sources or cirrus structure _dicta_ted. The photometry Wafe 24 and 7@m channel. When only an upper limit on

aperture corrected as descr_lbecEmgerrachtet al(2007) the flux density was achieved, the results in Table 2 bound
andGordon et al.(2007). Finally, we apply color correc- yho ajhedo and diameter of the target. Table 3 gives the re-
tions to our measurements as describe8itamsberry et al. - g s for those objects observed at only one wavelength, and

(2007), resulting in monochromatic flux densities at the efgives a second interpretation of the data for those objacts i

fective wavelengths of the 24 and jt filters (23.68 and Table 2 that were onlgletectet one wavelength
71.42um, respectively). The MIPS calibration is defined in In both Tables 2 and 3 we give the color. corrected

such a way that the color corrections for stellar spectra afR, density of each target, the SNR of the detections, and

unity. Even though our targets are much colder (typically &,o temperature we used to perform the color corrections.
or below 80 K), the~ 20% passbhands of the MIPS filters Where we did not detect the source, we give Saeup-

resultin co_lor_ corrections that are typ!cally less than 10% oo jimit on the flux density, and the SNR column is blank.
Uncertainties on the absolute calibration of MIPS areyhan an object was not observed in one of the bands (Ta-

4% and 5% at 24 and 7am, respectively Engelbracht 1, 3 51v) the flux and SNR columns are blank. In both
et al, 2007; Gordon et al, 2007). In our photometry of T

) o ble 2 and 3, albedogy;), diameters D), and beaming
KBOs and Centaurs we adopt systematic uncertainties Bgrametersd) follow the fluxes and temperatures.
5% and 10%, to account for the absolute calibration un-

certainty and additional uncertainties that may be present

e.g, in our aperture and color corrections. At /it our

Our flux density measurements, and the albedos and di-



4.1. Two-Wavelength Results model violates a flux limit, the corresponding albedo and di-

As discussed earlier and demonstrated in Fig. 1, th%meter_entrie_s appear as a “?". The_ albedos and diameters
model-dependent uncertainties in the albedo and diamet¥f derive using the average beaming parameter from the
we derive for targets detected at both 24 andiF0are two- wavelength sample are in the columns labeled “KBO-

much smaller than those uncertainties for objects detectga'ned ST,M";_ the range of a“?’edos and diameters resulting
in only one of those bands, and in particular are usually ve ‘rom aephcat‘l‘on of ’t,he canonical STM and ILM are labeled
much smaller than for objects detected only a4 For STMo” and *ILM . Note that the flux densities for ob-

this reason, we focus first on the targets we either detectitfS In both Table 2 and 3 are sometimes slightly differ-
IJéjnt, because in Table 3 the color correction is based on the

at both wavelengths, or for which we have constraints o RO
the flux density at both. We use these results to inform olgi2ckbody temperature at the object's distance, rather tha
on the 24:7Qum color temperature.

models for targets with single-band detections and limits.
We apply the hybrid STM to the observed flux densitiei& Spitzer Albedosand Diameters
as follows. For targetgletectedn both bands (Table 2),
we fit the observed flux densities and theerror bars, de- The results presented above include low SNR detections,
riving albedo and diameter values ahd uncertainties on non-det_ections, and multiple results for some targetshén t
them. For those objects with arpper limitin one band toP portion of Table 4 we present results for the 39 targets
and a detection in the other, we fit the detection and tH@at were detected at SNR 5 at one or both wavelengths.
the upper limit in order to quantitatively interpret the eon The results for targets that were visited multlplg times are
straints the limit implies for the albedo and diameter. Fofveraged unless one observation shows some indication of
this second class of observation, we also perform a sing|@-Problem. Targets with an upper limit in either band ap-
wavelength analysis (see Table 3) in order to derive indéar in both Tables 2 and 3; in the top portion of Table 4
pendent constraints on these properties. While the resuft give values that are representative of all of the earlier
given in Table 2 include values of the beaming paramete’F}OdelS- The top portion of the table contains 39 objects, 26
n, those values only reflect the departures of the measurggtected at both 24 and 7n, 9 at 24um only, and 4 at
emission from the assumptions of the STM; had we chosefP#m only. 17 of the objects have orbital semimajor axes
to model the data with the ILM, the fitted values fowould ~ inSide Neptune, and 21 exterior to Neptune’s orbit. Where
be entirely different (even though, and D would be very ~other alpedo and diameter detgrmma‘uons exist, the table
similar). Results from observations made at very similapimmarizes the result, the basis of the determination, and
epochs are averaged. An exception to that rule is the twBe publication.
observations of 38628 Huya. Those data were analyzed in- .
dependently to provide a check on the repeatability of our'4' Other Constraintson py and
overall data analysis and modeling methods for a “bright” The albedos and sizes of about 20 TNOs several Cen-
KBO, and show agreement at the 4% level fgr, and at taurs have been determined by other groups using various
the 2% level forD. methods; the lower portion of Table 4 presents those results
The average behavior of the targets is of particular intefot given in the top portion of the table, and the constraints
est for interpreting single-wavelelength observatiorsgre that can be derived fror8pitzerdata, when those exist (al-
we have no independent means for constrainingestrict- though the SNR for all 5 cases is low, and for 90377 Sedna
ing our attention to those targets detected at SNRatboth ~ only a 70um limit is available).
24 and 7Qum, and excluding the highest and lowest albedo In general our results and those of other groups agree at
object from each class, we find that for outer solar systeithe < 2¢ level (e.9.10199 Chariklo, 26308 (1998 SM),
objects the average beaming parameteris 1.2 + 0.35. 47171 1999 Tgs, 55565 2002 AWy, 136199 Eris,
We re-examine the average properties of the sample laterl 36108 (2003 EL)). In a few cases there are discrepan-
cies. For example, our results for 20000 Varuna are incon-
4.2. Single-Wavelength Results sistent with the millimeter results dewitt et al.(2001) and

Because we are primarily interested in the albedos arkgllouch et al.(2002), which suggest a significantly larger
sizes of our targets, we fit our single-wavelength observ&ize and lower albedo. While our detection ay.f0 nomi-
tions with the STM, setting the beaming parameter to thaally satisfied théo threshold for Table 4, the background
average value determined above: we term this model tisfowed significant structure and the SNR of the detection in
“KBO-tuned” STM. We also apply the canonical STM angdthe individual visits was actually qyite Iow. Combineq with
ILM (i.e. with » = 0.756 and 1.0, respectively) to the the factthat we were not able to directly fit the beaming pa-
single-wavelength data, to interpret the data in the cantel@meter, we are inclined to favor the submillimeter results
of these end-member models and assess the resulting und@f-this object over those frorpitzer While there is some
tainties in model parameters. tendency for theéSpitzerdiameters to be smaller and albe-

Table 3 gives the results for the single-wavelength san$los higher, there is generally good agreement between our
ple, including those objects in Table 2 with a detection aPitzemesults and those from other groups and methods.

one wavelength and an upper-limit at the other. Where a



5. ALBEDO STATISTICS and CORRELATIONS (K-S) test gives no evidence that the albedos of the KBOs

The Kui Belt is full of lexitv. in t f1h and Centaurs are drawn from different parent populations,
€ Kulper BeL IS TUfl of complextly, in terms of the regardless of whether the MPC or DES definition of Cen-
dynamical history and the spectral character of its mhaqéur is used. Typical values for the beaming parameter
itants. It is natural to look for relationships between th . : .
. . . exluding results based on an assumed beaming parameter
albedos of KBOs and their orbital and other physical para xiuding resu ! 'ng p )

eters. Fig. 3 shows th8pitzeralbedos for detections with re in the range 1.1 — 1.20, with a dispersion of about 0.4,

. : .. This is in good agreement with the valuelo® + 0.35 we
SNR.Z 5 (top _portlon _Of 'I_'able_4) as a funct!on Of_ orbital adopted for the “KBO Tuned STM” used to construct Ta-
semimajor axisa, perihelion distancey,, object diame-

ter, D, and visible spectral slopé,. Because of their sig ble 3. There does not appear to be any significant difference
nificant intrinsic interest, the data for 136108 (2003;BL inthe beaming parameter between KBOs and Centaurs.

and 90377 Sedna are also plotted. Immediately appat-. Albedo Correlations
ent in all of these plots is the marked distinction between

the largest objects (136199 Eris, 136108 (2003;fLand : .
136472 (2005 FY)) and the rest of the objects. gg3779aussian, we apply the Spearman rank-correlationtest to as
ss the significance of any correlations between albedo and

Sedna probably also belong to this class, although our da%%’\er parameters. Table 5 gives the correlation coeffisient

only place a lower bound on its albedo. 136199 Eris an p), and their significancey() in standard deviations from
136472 (2005 F) both have abundant GHce on their g%e non-correlated case. The albedos for the 4 planetoids

surfaces, and so are expected to have very high albed . : i .
90377 Sedna’s near-IR spectrum also shows evidence ntioned above are not included in these calculations.
Fig. 3a and 3b show as a function of the orbital prop-

CH, and N, ices Barucci et al, 2005;Emery et al. 2007), " q There i d trend ith
andSchaller et al.(2007) show that those ices should nofS"i€Se @ndge . There is an upward trend pi, vsa, wi
objects at: < 20 AU clustering atpy ~ 5%, while at

be depleted by Jean’s escape: it seems likely 90377 Sednglg . T .
albedo is quite high. The surface of 136108 (2003 §lis arger d_|stances there is S|gn|f!cantly more scatterinAs
dominated by water ice absorptions, with no evidence fo hown in Table 5, the correlation betwegn anda for the

: T o 0
CH, or N, yet also has a very high albedo. Charon, Whicfl?l?t'lrﬁ sa:jmpII? IS S'gmf'iﬁn: at tht@?ta-%’ IeveII ,[(.99'4 A)d
has a similar spectrum, has, ~ 37%, but some Satur- lkelihood). It appears that most of the correlation is due

nian satellites (notably Enceladus and Tethys) have ahbed%) the Centaurs, but the significance of the Centaur correla-

> 80% (Morrison et al, 1986). t|onddepll\lerldstﬁotngderablytﬁn WhICE def:{nltgqn (gf _Cetr;]tal}irBlsé
The dichotomy between 136199 Eris, 136108 (200g,gL USed- (Note that because the number of objects in the

136472 (2005 FY), Pluto (and probably 90377 Sedna) anaand Centaur subsamples is about half that of the full sam-
the rest of the KéOS and the Centaurs. in terms of theﬁle’ the significance of the correlations for the subsamples

albedos and spectral characteristics, suggest that tieey ﬁs’r‘typmally lower than that for the full sample.) Because

members of a unique physical class within the Kuiper Be ? S|?rl!?canc: Oftrtlhﬁ" Vs a ctorrtelatltotﬂ IS beIOY\th’rﬁ it
population (see chapter [Brown et al). We will refer to IS tentalilive. Another reason fo tréat the correlatiornwi

; “ e ; some skepticism is that it could reflect biases in the param-
these objects as “planetoids” in the following, and gereral . . . !
) P g gerhe %ter space for KBO discoveries: low-albedo objects will be

exclude them from our discussion of albedo statistics aq1 der to detect at visibl lenath d the difficult

correlations because of their obviously unique character. . arder to detect at visible wavelengins, and the difiicutty
increases significantly with distance. Because our sample

5.1. Albedo Statitics is drawn from optically discovered objects, one might ex-

Table 5 . the statisti ¢ @eitzerderived pect a trend such as seen in Fig. 3a even if there is no real
able 5 summarizes the statistics of Bpitzerderived 241 betweepy anda.

albedtos, agd the co;Lelatl(_)ns betlweTn albfedo 3nd OtTerdF}a'Fig. 3b reveals a similar correlation between and
rameters. because there 1S no clearly preferred way to 'q'@, and Table 5 suggests that in this case the correlation
ferentiate Centaurs from KBOs, we give results for two def:

e . .. Is significant at they = 3.5c0 level (99.95% likelihood).
'T"“O”S- @ < 30.066 AL.J (which we term thEMP.C. Deﬁm— This correlation holds up fairly well for both Centaurs and
tion, referring to the Minor Planet Center classification (se

the Gladmann et al.chapter), and th®ES Definition(re- %BOS, regardless of which classification is used. It is pos-

ferring to the D Eclintic S lassificatigglliot et sible that this correlation could also be due to the discov-
erring to the Deep Ecliptic Survey classificatidlijot & ery bias mentioned above. However, if it reflects an ac-
al. 2005;Dones et alchapter).

Typical geometric albedos for all of the KBOs and Cen-tual relationship betweepy andg, there may be a fairly

: . imple explanation. Objects closer to the Sun will tend

taurs are in the range 6.9%—-8.0%, depending on whetherfbe - hiah - .
S ) X : t t , depleting their sesf

mean or median is used, with a dispersion of about 4.19 EXperience nigher lemperatures, depieting thetr ac

R dl t which Cent lassificali h df volatile molecules (which typically have high visible-re

egar etis tOCW tIC en al;]r ¢ as?' 'ﬁ? I(I)n one I(l; %Osef[iﬂ'éctances). Likewise, UV-photolosis and Solar wind radi-
appears that Lentaurs may nave slightly lower albedos i 8i1ysis will also proceed more quickly closer to the Sun, and
KBOs, although the differences are not statistically gigni

icant relative the the dispersion of the albedos within thCOUId darken those surfaces (although radiolysis by cosmic

F: bably dominates beyond about 45 AU
classes. The Kuiper variant of the Kolmogorov-Smirnovalys probably dominates beyond abou (Seeper

Because our errors are non-symmetric and probably non-
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et al. chapter). 60-100 microns, observations in the Herschel bandpasses
Fig. 3c and 3d show, as a function of intrinsic proper- will map the peak of a KBO SED. Herschel is scheduled
ties of the objects: the diametdp, and the visible spectral for launch in late 2008. The Large Millimeter Telescope
slope (color),S. Fig. 3c shows an apparent correlation be{LMT) in central Mexico will have sufficient sensitivity at
tweenpy and D, and particularly so for the KBOs. This 1 millimeter with the SPEED instrument to detect thermal
correlation is apparently confirmed in Table 5, where foflux from the Rayleigh-Jeans tail of cold KBOs. First light
the MPC classification thgy, vs. D correlation is signif- for the LMT is expected in 2008.
icant at they = 3.40 level (99.9% likelihood). However, Farther in the future, the American-European-Chilean
for the DES classification the significance is orly= 2.80  Atacama Large Millimeter Array (ALMA) will provide suf-
(99.5% likelihood), so the correlation is not robust againgicient sensitivity from 0.35-3 millimeters to detect tygic
small changes in which objects are considered as KBOKBOSs; first light for ALMA might be as soon as 2012. The
Including the planetoids in the correlation calculation in Cornell Caltech Atacama Telescope (CCAT) will operate
creases the significance of the correlation to well al3aye at 200 microns to 1 mm, and its sensitivity at 358 will
but doing so results in a (probably) false impression that thsurpass that of ALMA,; first light could also be in 2012.
albedos ofall KBOs are well correlated with diameter. At Any of Herschel, ALMA, and CCAT (the case is less con-
this time it is difficult to conclude that any such correlatio vincing for the LMT) could be used for a large survey of
exists at a statistically significant level. many moderate-size (100 km class) KBOs. Such a pro-
Fig. 3d shows an apparent correlation betwgerand gram would expand the number of KBOs with good ther-
S, particularly for the Centaurs. Table 5 shows that this comal measurements (and therefore radii and albedos) from
relation is the second most significant for a subclass, wittens to hundreds.
2.6 < x < 2.9 (depending on the classification chosen), All of these next-generation capabilities operate at wave-
second only to they vs. D correlation for KBOs. Here, lengths either near the emission peak of KBOs, or well out
the Kuiper variant K-S test does indicate a high likelihoodn the Rayleigh-Jeans part of their spectra. While albe-
(99.95%) that the albedos of red KBOs and Centaurs (witthos and diameters derived from such observations are less
S > 0.2) are drawn from a different parent population tharmodel-dependent than those based on single-wavelength
the gray ones, a similar result to that found based on thabservations taken shortward of the emission peak, there
Centaur colors alone (s€kegler et al. chapter). A nat- are still significant uncertainties. For example, candnica
ural assumption might be that the color diversity of KBOsSTM and ILM fits to an 85@:m flux density produce albe-
and Centaurs results from mixing between icy (bright, spedos that differ by about 30%; if the KBO-tuned STM is
trally neutral) and organic (dark, red) components. Howused (including its uncertainty o), that uncertainty is cut
ever, this correlation suggests that red objects systematimost in half. If the validity of the KBO-tuned STM is
cally have higher albedos than the gray ones. On the bas&isrn-out by furtheSpitzerobservations of KBOs, it can be
of spectral mixing models between spectrally neutral darksed to significantly refine the albedos and diameters de-
materials (such as charcoal) and red material (represent@eed from sub-millimeter KBO detections.
by Titan tholin),Grundy and Stansberr§2003) suggested
that just such a correlation between red color and highder SUMMARY

albedo might exist. Why the Centa_urs _mlght embody this Efforts to characterize the physical properties of KBOs
effect more strongly than the KBOs is still a mystery. Inter-

inalv. the th ¢ irall tral obiects d thand Centaurs wittspitzerare beginning to pay off. Con-
eslmg yl,b de treedmt:)s _spectrﬁ yhr?eﬁ r?bodje(_: fh d siderable improvements have been made in the first three
EZ (;rt_lzaset t(\jvoregez:h:;/ilggsraunzrerlﬁngathg ool;séervee)r(je cn(;I ars of the mission in terms of predicting the necessary
. . ) . t tion ti , developi [ d ful
diversity. Those objects are 2060 Chiron, 90482 Orcus al egration times, developing aggressive and succesful o

S o rving strategies, and data processing. We present our 24
[(:)Zlgr?: ﬁ\zsj/)’ir? drzgaftr:aeltw;?I?huei/p:hsg:gnslcr)]r;geL?rlnti)ci?g_;?rl?arand 70um observations for 47 targets (31 with orbital semi-

ﬁ?ajor axes larger than that of Neptune, 16 inside Neptune’s

character. orbit), and apply a modified version of the Standard Ther-
mal Model to derive albedos and diameters for them. 39 of
the targets were detected at signal-to-noise ratiésat one

At present, SpitzefMIPS provides the most sensitive or both wavelengths. We use that sample to look for rela-
method available for measuring thermal fluxes from typitionships between albedo and the orbital and physical pa-
cal KBOs, but several upcoming observatories and instruameters of the objects. The most marked such relationship
ments will provide substantially improved sensitivity. é'h is the distinct discontinuity in albedo at a diameter of abou
joint ESA/NASA Herschel mission will have at least a fac-1000 km, with objects larger than that having albedos in
tor of 2 better sensitivity at 75 microns (compared to MIPS%xcess of 60%, and those smaller than that having albedos
70 micron sensitivity), and additionally have a number obelow about 25%. We suggest that these large, very high
photometry channels in the range 70-500 microns. Sin@dbedo objects (90377 Sedna, 136108 (2003,E1136199
cold KBOs have their thermal emission peaks in the randérisand 136472 (2005 RY) constitute a distinct class in

6. FUTURE PROSPECTS
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terms of their physical properties. L61-63.

The data suggest possible correlations of albedo with oBrown M. E., Barkume K. M., Blake G. A., Schaller E. L., Rabi-
bital distance, and with size and color, but the statistical nowitz D. L., Roe H. G., Trujillo C. A. (2007). Methane and
significance of the correlations is marginal. Two correla- €thane on the bright Kuiper belt object 2005 4~¥Astron. J,
tions, those of albedo with perihelion distance (for KBOs_ '" Press. , , .
and Centaurs) and with diameter (for KBOs), are nominally@7Pins H., Telesco C. M., Osip D. J., Rieke G. H., Rieke M. J.

. . and Shulz B. (1994). The color temperature of (2060) Chiron:
significant at more than i level. Perhapsthe mostinter- ' " 0 euastion. J., 1082318-2322.

_esting t_rer_1d (albeit significant at only ab_out théo level) Cruikshank D. P. and Brown R.H. (1983). The nucleus of comet
is for distinctly red Centaurs to have hlgher_ alb_edog_than P/Schwassmann-Wachmannidarus, 56 377-380.
those that are more gray, contrary to what might intuitivel\sruikshank D. P., Stansberry J. A., Emery J. P., Fernndez.Y. R
be expected. Werner M. W., Trilling D. E., and Rieke G. H. (2005). The
Prospects for improving on and expanding these results high-albedo Kuiper Belt object (55565) 2002 AW. Astro-
are relatively good.Spitzerwill be operational into 2009, phys J., 624L53-L56.
and more KBO observations will probab|y be approveo(_:l’UIkShank D. P., Barucci M. A., Emery J. P., Fernandez Y. R.,
New ground- and space-based observatories will also con- Grundy W. M., Noll K. S. and Stansberry J. A. (2006). Phys-
tribute significantly, and at wavelengths that are comple- ical properties of trans-Neptunian objects. Rrotostars and
mentary to those used here. In particular, submillimeter— F'anets V(Reipurth, B., Jewitt, D., Keil, K., eds). Univ. Ari-
millimeter studies of KBOs should be relatively easy with zona, Tucson.
o Davies J., Spencer J., Sykes M., Tholen D. and Green S. (1993
facitilties such as ALMA, CCAT and LMT. The Herschel P Y ( )

o . . (5145) Pholusl.A.U. Circ. 5698.
mission should also be very productive at far-IR to submilge gergh c., Boehnhardt H., Barucci M. A., Lazzarin M., For-

limeter wavelengths. nasier S.et al. (2004). Aqueous altered silicates at the surface
of two plutinos?Astron. and Astrophys., 41891-798.
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TABLE 1
ORBITAL AND PHOTOMETRIC PROPERTIES

Numbef  Designatiof Name* a (AU)P  eP ib Hy° Se og® TNOH  Clas$
29P  Schwassmann-Wachmann 1 5.986 0.04 9.39 11.10 15.75 1.100 CENTR
2060 1977 UB Chiron 13.690 0.38 6.93 6.58 1.85 1.18 N CENTR
5145 1992 AD Pholus 20.426 0.57 24.68 7.63 50.72 2.44 N CENTR
7066 1993 HA Nessus 24.634 0.52 15.65 9.7 34.03 9.25 N CENTR
8405 1995 GO Asbolus 17986 0.62 17.64 9.15 19.88 8.58 N CENTR
10199 1997 Clg Chariklo 15.865 0.18 23.38 6.66 12.95 1.38 N CENTR
10370 1995 DW Hylonome 25.202 0.25 4.14 9.41 9.29 2.28 N CENTR
15820 1994 TB 39.288 0.31 12.14 8.00 40.92 2.87 Y RESNT
15874 1996 Tk 82.756 0.58 24.02 5.46 0.13 2.24 Y SCTNR
15875 1996 TRs 39.197 0.33 5.69 7.42 26.52 6.80 Y RESNT
20000 2000 WRps  Varuna 42,921 0.05 17.20 3.99 2391 1.25 Y CLSCL
26308 1998 S5 47.468 0.37 13.52 6.38 27.77 1.91 Y RESNT
26375 1999 Dg 55.783 0.42 7.62 5.21 20.24 3.46 Y RESNT
28978 2001 KX%g Ixion 39.648 0.24 19.59 3.84 2290 1.60 Y RESNT
29981 1999 TRy 95.040 0.87 5.96 8.93 10.37 1.88 Y CENTR
31824 1999 UG Elatus 11.778 0.38 5.25 10.52 27.75 0.97 N CENTR
32532 2001 P73 Thereus 10.617 0.20 20.38 9.32 10.79 0.96 N CENTR
35671 1998 Shss 37.781 0.04 4.62 5.72 5.05 1.95 Y CLSCL
38628 2000 EB73 Huya 39.773 0.28 15.46 523 22.20 4.80 Y RESNT
42355 2002 Chkgs Typhon 38.112 0.54 2.43 7.65 15.87 1.93 Y CENTR
47171 1999 TGg 39.256 0.22 8.42 539 35.24 2.82 Y RESNT
47932 2000 GNrp 39.720 0.29 10.80 6.2 24.78 3.41 Y RESNT
50000 2002 LMo Quaoar 43.572 0.04 7.98 2.74 28.15 1.81 Y CLSCL
52872 1998 Sg; Okyrhoe 8.386 0.31 1564 11.04 11.72 5.08 N CENTR
52975 1998 Ths Cyllarus 26.089 0.38 12.66 9.01 36.20 2.42 N CENTR
54598 2000 QGu3 Bienor 16.472 0.20 20.76 7.70 6.86 3.17 N CENTR
55565 2002 AWg7 47.349 0.13 24.39 3.61 22.00 2.21 Y SCTNR
55576 2002 Gby Amycus 25.267 040 13.34 8.07 32.13 4.35 N CENTR
55636 2002 TXoo 43.105 0.12 25.87 3.49 -0.96 1.20 Y SCTNR
55637 2002 UXs 42524 0.14 19.48 3.8 26.61 10.90 Y SCTNR
60558 2000 Egg Echeclus 10.771 0.46 4.33 9.55 10.43 4.83 N CENTR
63252 2001 Bly; 9.767 0.29 1245 1147 14.37 2.75 N CENTR
65489 2003 FXas Ceto 102.876 0.83 22.27 6.60 20.72 2.84 Y CENTR
73480 2002 Phy 30.966 0.57 16.64 8.66 16.21 1.90 Y CENTR
83982 2002 GQ Crantor 19.537 0.28 12.77 9.16 42.19 4.43 N CENTR
84522 2002 TGy2 55.027 0.29 35.12 4.1 Y SCTNR
84922 2003 V$S 39.273 0.07 14.79 4.4 Y RESNT
90377 2003 VBs Sedna 489.619 0.84 11.93 1.8 33.84 3.62 Y SCEXT
90482 2004 DW Orcus 39.363 0.22 20.59 2.5 1.06 1.05 Y RESNT
90568 2004 Gy 42.241 0.08 21.95 4.2 Y SCTNR
119951 2002 KX4 39.012 0.04 0.40 4.6 Y CLSCL
120061 2003 CQ® 20.955 0.48 19.73 9.29 1293 1.90 N CENTR
136108 2003 Eky 43.329 0.19 2821 05 -1.23 0.67 Y SCTNR
136199 2003 UBs3 Eris 67.728 0.44 43.97 -1.1 4.48 4.63 Y SCTNR
136472 2005 Fy 45,678 0.16 29.00 0.0 10.19 2.25 Y RESNT
2002 MS, 41560 0.15 17.72 4.0 Y SCTNR
2003 AZgy 39.714 0.17 13.52 3.71 1.48 1.01 Y RESNT

aSmall body number, provisional designation, and properenfonthe target sample.
bOrbital semimajor axisd), eccentricity ¢) and inclination ).

¢Absolute Visual MagnitudeHy ), and spectral slope and uncertain§/ gndo g, in % per 100 nm relative to V band),
from the photometric literature.

dQrbital semimajor axis> that of Neptune (30.066 AU).

¢Deep Ecliptic Survey dynamical classificatioBll{ot et al., 2005): CENTR = Centaur, CLSCL = Classical, RESNT =
Resonant, SCTNR = Scattered Near, SCEXT = Scattered Extende
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TABLE 2

Two-BAND THERMAL MODEL RESULTS

Numbep

AORKEYP

AC

Fyyd

SNR244

Frpd

SN Rz

Df

f

Name (Designatioft Re°¢
g ) 0 To4:70° pvt (%) n
29P Schwassmann-Wachmann 7864064 5734 5561 253783 4886.1 186 1647 4.61175:22 37.3711% 0.26 038
2060 Chiron (1977 UB) 9033216 13.462 13.239  54.410 990 2145. 234 98.1 7571103 0333~ 144 113013
. 57FL03 3l .
5145 Pholus (1992 AD) 0040896 18.614 18.152  3.080 66.619.8 >802  >65610% < I545 s g gp0a8
5145 Pholus (1992 AD) 12661760 19.827 19.768  0.962 18.810.1 S729 812788 _y3g9 408 | 7g 060
8405 Asbolus (1995 GO) 0039360  7.743  7.240 202.394 990 7155. 236 1418 5,307 191 85,42 152 0.66-0.30
. . U 77o5 . .
8405 Asbolus (1995 GO) 12660480 8.748 8388  73.814 990 827 119 1274 5501189 83,9210 0.03-0.23
10199  Charikio (1997 Ckk) 8806144 13.075 12.684  78.700 99.0 2025 24.6 99.1 F076 180 703
L0156 o : : . : 5.631¢ 65 260.9 1574 L1761
ariklo (1997 Ckk) 9038592 13.165 12.890  61.509 99.0 177.0 40.4 96.3 5.8110:62 256.87 128 1.2970-12
10370 Hylonome (1995 DV 0038080 19.963 19.824  0.503 14.9<10.2 2650 > 107H000  _1eg4 i85 _gggr0sd
15820 (1994 TB) 9042688 28.562  28.320 <0.062 <11.1 48.2 F0:81 - d 7oy
15620 . . > 0557050 < 451371404 48771
(1996 Tkg) 9035776 35.125 34.604 0.380 13.5 22.0 4.4 55.6  3.5011-96 575.0, 1146 1 76:1):‘%’%
15875 (1996 TRs) 8805632 26491 26250  0.689 17.9<17.6 2627 > 1oTHiSh 3109 88T g 058
. g7+iss 975 .
15875 (1996 TRs) 12659456 26.629  26.113 0.426 14.6 <6.9 >67.5 > 6497531 < 171.;28"11 <1 36t8:3§
20000  Varuna (2000 WRg) 0045760 43.209 42.830 <0.086 11.0 49 <501 < 11607100 s a1o 10 o g 3 00
26308 (1998 SNiss) 14402560 36.417 36.087  0.105 15.9 5.2 9.4 568 6337150 270.8- 556 145047
26375 (1999 DE) 0047552 34.980 34.468  0.905 382 226 9.3 620 6857158 461,0-15:5 105012
28978  Ixion (2001 K¥g) 0033472 42731 42448 0584 166 196 35 60.1 15651200 573,17 1419 0.82-0:23
: . . 00 _5 53 . . .
28978 Ixion (2001 KX%g) 12659712 42,510 42.058  0.290 7.9<18.4 >54.9 >12.037)%0% < 653,67 1000 < 1997037
20981 (1999 TDo) 8805376 14.137 13.945  4.629 31.6 195 7.2 87.9 4.40ti42 1087183 1642031
: : “#U_0.96 : . :
31824  Elatus (1999 U§ 9043200 10.333  9.998  6.015 69.8<12.4 >105.2  >486%740 < AT g0
31824  Elatus (1999 U§ 12661248 11.125 10.826  8.596 99.0 <8.9 ~1183  >94171L37 gy (it < 0.50-0.39
32532 Thereus (2001 RY) 0044480  9.813 9357  25.938 990 327 48 1223 8930595 60.8- 137 0.860.53
32532 Thereus (2001 RY) 12660224  9.963  9.685  23.722 990  46.8 103 1065 4.28"100 87.8-0.4 150,038
38628  Huya (2000 EBr3) 8808192 29.326 29.250  3.630 69.4  57.2 10.9 67.0 4781001 5465171 1105010
38628  Huya (2000 EB3) 8937216 29.325 29.210  3.400 690 529 28.4 68.0 5.001047 5231210 109007
47171 (1999 TGg) 0039104 31.098 30.944 1233 564 253 10.0 640 718115 4146583 L1702
47932 (2000 GN) 0027840 28504 28.009  0.258 82 119 56 574 5687200 30102542 0,397 0/43
50000  Quaoar (2002 L) 10676480 43.345 42.974  0.279 55 246 4.2 525 10.8611507 g4 1800 .37 080
52872 Okyrhoe (1998 S3) 8807424  7.793  7.405  28.767 990 374 01 1210 2491081 52100 1.46.0.38
54598  Bienor (2000 Q&) 0041920 18.816 18.350  3.528 780 297 6.1 760 3447007 2067301 .69 080
55565 (2002 AWor) 0043712 47.131 46.701  0.155 77 150 6.7 510 1177000 734,67 1083 126030
55576  Amycus (2002 GB) 17766144 15589 15155  6.367 86.1 136 58 999 17.0677°0 76,3155 0.64-0:15
55636 (2002 T%00) 10676992 40.979  40.729 <0.065 <111 484 > 17061208 gap.0- 2007 216078
55637 (2002 UXs) 10677504 42.368 42.413  0.486 150 230 5.3 572 11501509 681.2- 1140 104018
60558  Echeclus (2000 EG) 8808960 14.141 13.736  4.901 847 155 5.0 040 3837180 83.6-153 95083
65489  Ceto (2003 F ' 6 Tortios 7133 86008
( ¥s) 17763840 27.991 27.674  1.463 715  14.6 12.2 736 7671 229.71%76 0.86,0%8
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TABLE 2—Continued

Numbef Name (Designatiod) AORKEYP  Rq° Ac Foud  SNRoyd  Frgd  SNR7d Tosrme®  pyf (%) Df nf
73480 (2002 Phy) 17762816 14.608 14.153  10.368 99.0  31.0 12.6 95.3 4.257553 119.57 103 1103018
83982 Crantor (2002 G§) 9044224 14319 13.824  2.276 58.6 <8.7 >89.8 > 8.6015%2 <66.7 190 < 144,020
84522 (2002 TGo2) 13126912 47.741 47.654  0.054 65 180 3.1 448 3.08779% 1145473327 2.337023
84922 (2003 Vs) 10680064 36.430 36.527  0.304 60 257 35 52.8 5.847578 7252 150°0 2.00 024
90482 Orcus (2004 DW) 13000448 47.677 47.442  0.329 324 266 125 531  19.727578 946.3 777 108,090
90568 (2004 GY) 13000960 38.992 39.007  0.166 182 175 9.2 51.4 8.057192 677.2,57% 1.9470:50
119951 (2002 KX4) 10678016 39.585 39.197 <0.109 <117 51.2 >8.097907 < 561.67 5700 1.9170:59
120061 (2003 CQ) 17764864 10.927 10.917  21.722 99.0 334 11.3 1147 5747755 6.9%5 0.915 030
136108 (2003 Ek;)8 13803008 51.244 50.920 <0.022 7.8 53 <44.6 » 7h 2h
136199  Eris (2003 UBi3)¢ 15909632 96.907 96.411 <0.014 2.7 40 <401 » = =
136472 (2005 FY) & 13803776 51.884 51.879  0.296 211 14.6 9.4 54.8 b9 * *
(2002 MSy) 10678528 47.402 47.488  0.391 205  20.0 5.1 56.6 8.417578 726.27 1555 0.887015
(2003 AZs4) 10679040 45.669 45218  0.291 124 1738 6.7 55.212.321 351 685.87 952 1043075

aSmall body number, provisional designation, and properenfmthe target sample.

bUnique key identifying the data in the Spitzer data archive.

“Target distance from the Sun and Spitzer, in AU.

dColor-corrected flux densities (mJy) at 23,68 and 71.42:m. Upper limits are3o. SNR is signal to noise ratio in the images (see text).

°The temperature of the blackbody spectrum used to competedior correction. In most cases this is the 247 color temperature, but for the 4 denoted targets, the fabso
blackbody temperature was lower than the color temperatung we used that instead.

fThe visible geometric albedg{;, percentage), diameteP( km) and beaming parametey)(from hybrid STM fits. Fits to upper limits provide a quarti¢a interpretation of the
constraints they place gn, andD.

&Results for 136199 Eris, 136108 (20034l and 136472 (2005 FY) assumed a phase integral of 0.8, typical of Pluto.

hNo STM with plausible albedo and beaming parameter can simebusly fit the 24 and 7@m data. For 136472, models with two albedo terrains can fidéte, and giveD ~ 1500
km.
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TABLE 3
SINGLE-BAND THERMAL MODEL RESULTS

KBO-Tuned STM v (%) D°
Numbef Name (Designatioﬁ) AORKEY?* R@a A? Fou® SN Ro4® Fro® SNR7o* Tssb PV (%)C D¢ STMo ILMg STMo LMo
5145  Pholus (1992 AD) 9040896  18.614  18.152 3.119 66.6:19.6 91.4  8.16751'° 138.6 50 17.07-? 95.8-?
5145  Pholus (1992 AD) 12661760  19.827  19.768 0.987 18.8:10.0 88.6  16.187.'.%° 98.47232 32.74-7 69.2—7?
7066  Nessus (1993 HA 9033984 19.501  19.219  0.440 12.4 89.3 6.5375 1% 59.7115 14.02 - 1.44 40.8-127.4
10370  Hylonome (1995 DW) 9038080  19.963  19.824 0.530 14.9 <10.0 883  6.12753) 70.5715°% 13.28 - 1.32 47.9-152.0
10370  Hylonome (1995 DW) 12659968  20.333  20.390 0.451 16.0 875 6.3375 .2 69.37 108 13.80-1.34 46.9-150.5
15875 (1996 TBs) 8805632 26.491 26.250  0.720 17.9 <17.3 766 5171398 19187600 12.54-? 123.1-7
15875 (1996 TRs) 12659456  26.629  26.113 0.437 146 <638 76.4 821176 152.275%¢ 19.37-7 99.1-7?
20000  Varuna (2000 WRs) 9045760  43.209  42.830 <0.094 10.9 49  60.0 ? ? ?-8.09 ?-744.1
20000  Varuna (2000 WR) 9031680  43.261  43.030 10.0 56  60.0 17.777517 502.0787°0 26.34-8.68 412.3-718.2
28978  Ixion (2001 KX%g) 12659712 42,510  42.058 0.303 7.9<18.3 60.5 25.814 446.3 32.28-7? 399.1-7
31824  Elatus (1999 U§ 9043200 10.333  9.998 5.990 69.8 <12.3 1227 6.417%52 413751 11.41-2 31.0-?
31824  Elatus (1999 U§ 12661248  11.125  10.826 8.596 99.0 <8.9 118.3 ? ? ?2-7 ?2-7
35671 (1998 Shes) 9040384  37.967  37.542 14.7 63 640 4.337.39 458.27 077 6.42-2.17 376.4-648.1
42355  Typhon (2002 CR;) 9029120  17.581  17.675 31.4 86 941 5.097.% 173.81157¢ 6.81-3.13 150.3-221.7
52975  Cyllarus (1998 T) 9046528  21.277  21.001 0.274 8.7 855 11.46759¢ 61.97 108 24.43-2.42 42.4-134.9
63252 (2001 Bl1) 9032960  9.856  9.850 4.864 95.6 125.7 3.907713 34.297 6.93-1.34 25.6-58.3
83982  Crantor (2002 G§) 9044224  14.319  13.824 2.310 58.6 <8.6 1042 11.1877%° 58.57 57 21.28-7? 42.4-7
90377  Sedna (2003 ViB)® © 8804608  89.527  89.291 <24 417 >20917370 < 1268.87 7907  3293-817  1010.9-2029.0
136108 (2003 Eby)° 13803008 51.244 50.920 <0.025 7.7 53 551 84.11731% 1151.03 298 96.41-59.12  1075.1-1372.9
136199  Eris (2003 UBy3)° 15909632  96.907  96.411 <0.014 2.7 40 401 68.911%3%¢ 2657.07 5005 84.90-39.17  2393.7-3523.9
136472 (2005 F¥)° 13803776 51.884 51.879 & 14.6 94 548 78.207.°%3° 1502.97 302 91.63-5255  1388.3-1833.3
136472 (2005 FY¥)° 13803776 51.884  51.879 0.296 211 ® 548  35.99117-56 2215.27 3057 59.34-6.27 1725.3-5307.0

2The first 9 columns are identical to those in Table 2. Flux dirssthat are blank indicate no data exist.

PThe subsolar temperature of a blackbody at the distancedtiget. Color corrections are made using a black body speatith this temperature.

“The range of visible geometric albedos (given as a perceptayl diameter (in km) derived from fitting the KBO-tuned STiM. = 1.2 4 0.35), and the canonical STM and ILM. “?” indicates the the modmsission
violates a flux limit.

d0nly the KBO-tuned STM using = 0.85 did not violate the 7@m flux limit for this observation of Ixion.
“Results for 90377 Sedna, 136108 (2003E). 136199 Eris and 136472 (2005 F)assumed a phase integral of 0.8, typical of Pluto.

fFit to the 70 um upper limit; lower bound o+, upper bound omD.

&Fits to the individual bands for 136472 (2005 §)Yare shown: it is not possible to simultaneously fit both lsanih a single thermal model.
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TABLE 4
ADOPTEDPHYSICAL PROPERTIES

Physical Properties from Spitzer Data

Other Methods

Numbep Name (Designatiort) py?® D? n* Adetect? TNOP?  Method py?® D?

29P Schwassmann-Wachmann 14.6175-22 37.37115 02670738 both Cen mIR 1344 40 + 5C783

2060 Chiron (1977 UB) 7571095 23337017 11307, both Cen miR 1742 144 + 8Fe02
ISO 11+2 142 £ 10605
mIR 14+5 180 Cad4

5145 Pholus (1992 AD) 8.017 140740 13704 24 Cen mIR  44+13 189 & 26Pa93
IRS 7242 148 £ 25€06

7066 Nessus (1993 HA 6.515:3 60516 12708 24 Cen

8405 Asbolus (1995 GO) 5.4655%¢  84.237% 080,577 both Cen mIR 1243 66 + 4702
IRS 43+14 95 £ 7Cr06

10199 Chariklo (1997 Cb) 5737040 258.67 105  1.23707)  both Cen mm 55405 2754102

miRfmm  7+1 246 £ 126705

10370 Hylonome (1995 D) 6.2+5 0330 12703 24 Cen

15875 (1996 Thy) 7477 1607 32 12,9% 24 TNO

20000  Varuna (2000 WR) 16130 5003 100 12,032 70 TNO  submm  6+2 1016 £ 1567014104
mm 713 914 + 1561-€02,4104

26308 (1998 SMgs) 6.3377°3%  279.8703% 148707 both TNO  mm/bin  9.1+4 238 £ 55Ma04,Gy05

26375 (1999 DE) 6.8517°35  461.057  1.05.07>  both TNO

28978 Ixion (2001 KXe) 12+11 650 550 0.8303 24 TNO mm > 15 < 804 Al04

29981 (1999 TQo) 4.40%1‘;?3 103.7;53;;; 1.64;§;§§ both TNO IRS 6.5 98 C:L(‘)GOG

— —0.35

31824  Elatus (1999 UQ 0fs 8045 L2yg 5 24 Cen IRS  5.7+2 36 +8C7

32532 Thereus (2001 RY) 4.287 550 87.8+9:5 1.50 4’59 both Cen

35671 (1998 Shks) 4.37713 4607, 50 12,032 70 TNO

38628  Huya (2000 EBrs) 5047059 53267501 1.09 002 both TNO mm >3 < 540 Al04

42355  Typhon (2002 CR) 51705 17577 12,032 70 TNO

47171 (1999 TGs) 718718 41460357 117,043 both TNO mm 5+1 609 + 704104

mm/bin  14+6 302 + 70Ma04,Gy05

47932 (2000 GNir1) 5687730 32107277 232071 both TNO

50000 Quaoar (2002 L) 19.9+132 8447 300 1403 both TNO image 9+3 1260 + 190BT04

52872 Okyrhoe (1998 S§3) 2.4975-51 521709 146705  both Cen

52975  Cyllarus (1998 TE) 11549 6239 1205 24 Cen

54598 Bienor (2000 Q&3) 3.44F530 2067501  1.6970750  both Cen

55565 (2002 AWo7) L7750 73461 067 12600355 both TNO mm 9+2 977 4 130Ma02

55576  Amycus (2002 GR) 17967770 7637150 0.64 01  both Cen

55637 (2002 UXs) 11507505 6s81.27 1140 1047018 poth  TNO

60558 Echeclus (2000 Eg) 3837152 836,00  1.25.0%;  both Cen

63252 (2001 Bl) 3.979% 35,5 1.2 0% 24 Cen

65489 Ceto (2003 F¥%s) 7677195 2207758 08607,  both TNO

73480 (2002 Phy) 4.25T082 1195, 703 11707  both TNO

83982  Crantor (2002 G§) 11+] 60513 12050732 24 Cen
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TABLE 4—Continued

Physical Properties from Spitzer Data Other Methods
Numbef Name (Designatiort) pye D? ne Adetect? TNO?®  Method pye D2
90482 Orcus (2004 DW)  19.7273:78  946.3 737  1.08 0%y  both TNO
90568 (2004 GY) 8.0517 %6 677.2.903  1.947050  both TNO
120061 (2003 CQ) sratldy 76973l 0917018 both  Cen
136108 (2003 Ek1) 84.130 1150. 7500 70 TNO  Leurve  65£6 1350 & 100R405
80.130 1500.7 ot

136472 (2005 F e 100 both TNO

(2002 MS;) 8411578 726.21%3;:; 0887015  both TNO

(2003 AZs4) 12.327530  685.8790% 104,075  both TNO
15789 (1993 SC) TNO ISO  3.5+14 298+1407H00
15874 (1996 Tkg) 3.5729 5755118 18798 both  TNO  ISO > 18 < 958 Th0O
19308 (1996 T@s) TNO mm > 3.3 < 902 Al04,Gy05
19521 Chaos (1998 W44) TNO mm > 5.8 < 747 Al04,Gy05
24835 (1995 SMs) TNO mm > 6.7 < 704 Al04,Gy05
55636 (2002 T%00) > 10 < 800 limit TNO mm > 19 < 709 Or04,Gy05
58534 (1997 CQy) TNO bin 39417 77 + 18 Ma04,N004,Gy05
66652 (1999 RZs3) TNO bin 29 4 12 170 + 39N004,Gy05
84522 (2002 TGoo) 31729 1150732 23702 both  TNO  mm  >51 < 1211 Al04,Gy05
88611 (2001 Q%97) TNO bin 10+ 4 168 4 380503,Gy05
90377 Sedna (2003 ViB) > 16. < 1600. limit TNO image > 8.5 < 1800 Br0da
136199  Eris (2003 UBi3) 70155 2600 300 70 TNO mm 60£8 3000 £ 200800

image 8647 2400 £ 1008706
(1998 WWs1) TNO bin 6+2.6 152 4 35V€02,Gy05
(2001 QGog) TNO bin 25+1.1 244 & 55Ma04,Gy05

NoTE.—Results above the horizontal line have Spitzer detestiwith SNR> 5; those below the line have SNR 5, or no Spitzer data.
2Columns 1-5 and 7 are as defined in Table 2.
bWavelengths where the objects were detected at:SINRabove horizontal line), or have lower qualBpitzerdata (below line).

¢"Method” by which the diameter was measured. The meanings &bin” (binary mass plus density assumption). ‘“image” (HSoper limit),
“IRS” (Spitzer mid-IR spectra), “ISO” (Infrared Space Obs#ory), “Lcurve” (lightcurve + rotation dynamics), “mIRGroundbased 10-20m),
“mm?” (typically 1.2 mm groundbased data), “submm” (typlge850,m groundbased data)

References. — (Al02) Altenhoff et al. (2002); (Al04) Altesfh et al. (2004); (Be06) Bertoldi et al. (2006); (Br04) Brovand Trujillo (2004);
(BrO4a) Brown et al. (2004); (Br06) Brown et al. (2006); (@a€ampins et al. (1994); (Cr83) Cruikshank and Brown (1983)06) Cruikshank et
al. (2006); (Da93) Davies et al. (1993); (Fe02) Fernandest. €2002); (Gn05) Groussin et al. (2004); (Gy05) Grundyle{2005); (Je01) Jewitt et
al. (2001); (Le01) Lellouch et al. (2002); (Ma02) Margot &t @002); (Ma04) Margot et al. (2004); (NoO4) Noll et al. (); (Or04) Ortiz et al.
(2004); (Os03) Osip et al. (2003); (Ra05) Rabinowitz et2005); (ThO0) Thomas et al. (2000); (Ve02) Veillet et al. 2P



TABLE 5
GEOMETRICALBEDO

MPC Classificatiof

DES Classificatioh

All Centaurs KBOs Centaurs KBOs
Quantity Statistics
Avgerage 8.01 6.55 8.87 6.30 9.88
Median 6.85 5.74 7.67 5.73 8.41
¢ 4.07 2.68 4.22 2.50 4.23
# Objd 35 15 18 19 14

Correlations

Parameter pe Xf pe Xf pe Xf pe Xf pe Xf
a 0.46 2.74 0.70 2.78 0.24 1.03 041 181 0.16 0.60
a6 0.58 3.49 0.58 2.32 0.65 2.83 0.43 1.94 0.53 2.04
D 0.45 2.70 -0.08 0.32 0.77 3.37 -0.07 0.31 0.72 2.80
S 0.40 2.40 0.64 2.58 0.13 0.56 0.66 2.94 -0.08 0.32

“Centaurs classified as objects having orbital semimajos &x&0.066 AU.

bCentaurs classified by dynamical simulations (Deep Ecliptirvey,Elliot et al. (2005)).

“Standard deviation of the albedo values.

dNumber ofSpitzeralbedos used (from Table 4). The highest and lowest values exeluded.

°Spearman rank correlation coefficient between albedo angatameter in the left column.

fSignificance of the correlation, in standard deviationaties to the null hypothesis.
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