






ground-based data is consistent with the radius of the object used in the IRAC albedo

calculation, the identification of an absorption will be accurate.

3.2 Cold classical classification

In The Solar System Beyond Neptune (SSBN07), Gladman et al. (2008) distinguish the hot

and cold classical KBOs by inclination distribution. The inclination of hot classical objects

has Gaussian distribution peaking at ∼15◦. The division based on inclination is debated,

with lines most often drawn at 5◦ or 12◦; the cold objects are the lower inclination objects.

The inclination distinction may not have a dynamical basis (Kavelaars et al., 2008), and

inclination distribution is not the only way the classical population has been separated.

Petit et al. (2011) suggest perihelion coupled with semi-major axis, a, provides a better

division between hot and cold populations. Objects with 42.5 < a < 47.2 AU and q ≤ 40

AU are defined as cold classical objects. The objects with a < 40 AU and a > 47.2 AU are

inner and outer hot objects, respectively. The objects in the 40 < q < 42.5 AU region are

a mixture of hot and cold objects, and the fraction of cold objects increases closer to a =

42.5 AU. Five objects observed in the IRAC program: 48639 1995 TL8, 19521 Chaos, 20000

Varuna, 50000 Quaoar, and 142452 2005 RN43, fall within these orbital definitions and are

included as cold classical objects here.

Sheppard (2012) suggests from color of objects in the MMRs located in the classical

population (7:4 and 5:3) that these object may be captured cold classicals. The objects

in the 7:4 and 5:3 resonances are very red, similar to the extremely red slopes of more

traditionally classified cold classical objects. 1999 CD158 and 126154 2001 YH140 are in

the 7:4 and 5:3 MMRs, respectively. Both have been observed in the IRAC program and

are included in this study. If the objects in the 7:4 and 5:3 are captured cold classicals,

one would expect to see similar binary populations as well. However Noll et al. (2012) do

not see similar distributions of binaries in the MMRs and the cold classical population. For

completeness, the present work includes objects fitting the cold classification according to

the Petit and Sheppard schemes.
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3.3 Vis-NIR data

Vis-NIR data are essential to constrain the nature of the absorption and the composition of

the surface.

• 33 out of the 46 objects in this survey have at least some published standard vis-NIR

(BVRIJHK) photometry.

• 9 objects have all (B-V, V-R, V-I, V-J, V-H, V-K) colors, or photometric data to

calculate the colors, published.

• 14 objects have V-K colors available.

See appendix B for a summary of published photometry and appendix C for photometric

plots.

138537 2002 OK67 is an example of an object for which photometry has been published for

bands through the vis-NIR (fig. 3.1). The red and green circles are the IRAC observations,

those in red occurring first. The green arrow in IRAC ch1 is an upper limit because the

error overlaps zero. Eight other objects have full vis-NIR data available 66652 Borasisi, 79360

Sila-Nunam, 134860 2000 OJ67, 1999 CD158, 2000 Varuna, 50000 Quaoar, 19521 Chaos, and

48639 1995 TL8 (fig. C.1, fig. C.7, and fig. C.8). 145452 2005 RN43 (bottom, fig. C.8) is

only missing V-R color data, which does not affect our analysis.

Trujillo et al. (2011) observed KBOs using custom filters manufactured to measure H2O

and CH4 absorptions at 2.03 and 2.28 µm respectively. The four objects that overlap our

study and theirs are 2000 CN105, 119951 2002 KX14, 50000 Quaoar, and 120347 Salacia.

Sheppard (2012) present data using the same filters for 2007 TY430. See table B.2 for colors

from Trujillo et al. (2011) and transformations to J-K. The published K-band for Quaoar

(DeMeo et al., 2009) produces a lower albedo than the transformation of H2O and CH4

filters; the H2O and CH4 bands are plotted on the Quaoar photometry plot for comparison

(fig. C.9, bottom plot).
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Figure 3.1: Spectral plot for 138537 2002 OK67. Black circles are published visible
photometry from Doressoundiram et al. (2002), and NIR photometry from Delsanti et al.
(2004). Observation dates were 13-Jan-10 (red circles) and 17-Jan-10 (green circles). The
green arrow is an upper limit because the error bar overlaps zero.
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4. Analysis

4.1 Absorption at IRAC wavelengths

The first order test for ices is to look for absorptions in the IRAC channel wavelengths.

The majority of this cold classical sample only has ch1 observations available because of the

faintness of the objects in ch2. Ch1 is sensitive to CH4 and H2O ices and, interestingly,

organics such as Titan tholins. See fig. 4.3 for spectra of volatile ices and tholins. The

featureless spectra of silicates at these wavelengths are distinct from those of ices or organics.

Assessment of an absorption in ch1 is straight-forward for objects with published K-band

photometric data, such as 138537 2002 OK67 (fig. 3.1). A negative K-ch1 color is an

indication of an absorption at wavelengths that include IRAC ch1. The K-ch1 color for each

observation is calculated by

K − ch1 = 2.5 log
pch1

pK
, (4.1)

where pch1 and pK are the respective albedos in each band. The calculated IRAC albedos of

the two observations for each object are averaged together for the K-ch1 color of the object.

K-ch1 colors for all objects in our sample are presented in fig. 4.2 and table 4.3.

To produce a continuum from which to measure K-ch1 for objects without published

K-band data, we assume the average of objects within this sample that have published data

for the shortest wavelength gap. For example, Santos-Sanz et al. (2009) published BVRI

photometry for 2002 VT130 (fig. 4.1). No JHK photometry for 2002 VT130 is available

at this time. The average I-K, the shortest wavelength gap, of the objects with similar

visible slope and available I-K and is used to produce a K band albedo for 2002 VT130. For

objects with no available photometry, the average V-K color of the ten objects with K-band
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Figure 4.1: Spectral plot of 2002 VT130. Published photometric data, black circles, are
from Santos-Sanz et al. (2009). No JHK data are available for this object. Gray circles are
average J and K-band albedo from 10 sample objects with JHK data. Uncertainties on the
estimated J- and K-band albedos are propagated from the averaged colors. Red and green
circles are IRAC ch1 observations.

data is used with the pv of the object to assess the possibility of an absorption at IRAC

wavelengths. See table 4.1 for sample averaged colors. In table A.1, V-K colors indicated

with a superscript a are average colors.

HST vis-NIR photometry is useful as a continuum to compare with the SST /IRAC

data for several objects. Twenty-three objects in this study have HST vis-NIR photometry

(table B.3) published by Benecchi et al. (2009, 2011) and Fraser and Brown (2012). For

objects with some published standard filter photometric data but no K-band data, HST

data provide a visual guide to judge how well the sample averaged color fits the spectral

shape for a particular object.
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Table 4.1: Average photometric colors.

Color Average No. Color Average No.
B-V 0.99 +/- 0.09 27 V-J 1.95 +/- 0.07 12
V-R 0.61 +/- 0.07 29 V-H 2.40 +/- 0.16 13
V-I 1.16 +/- 0.09 27 V-K 2.49 +/- 0.11 10

R-J 1.39 +/- 0.11 12 I-K 1.26 +/- 0.14 10
I-J 0.74 +/- 0.12 13 J-K 0.46 +/- 0.13 10
R-K 1.91 +/- 0.12 9 H-K 0.04 +/- 0.12 10

The oblateness of the objects and related lightcurves could affect interpretation of the

results and identification of absorptions. The average KBO lightcurve amplitude, peak-to-

peak, is 0.24 with a standard deviation of 0.22 mag (Sheppard et al., 2008), therefore ∼15%

of our objects may have amplitudes of > 0.46 mag. There is only a 22% chance of any

two observations varying more than half of the amplitude. We would expect this variation

to affect < 4% of our sample, or two objects. However, even given the aforementioned

amplitude variation, we will still be able to identify absorptions.

As indicated above, the quality of the vis-NIR and IRAC data for the objects studied

here is varied, and the interpretation is affected by that variation in quality. Each object is

therefore assigned to a data quality group:

• 11 objects have secure detections in ch1 and published K-band data.

• 21 objects have secure detections in ch1, but no published K-band data (i.e., some

assumptions regarding NIR colors are required to establish the continuum and the

average V-K color is used).

• 13 objects were not detected in ch1, in which case upper limits on the ch1 albedo are

established.

Of the 46 observed cold classical Kuiper Belt objects, 14 objects have available K-band

data, which provides a lever to assess presence of an absorption a λ > 2.5 µm. The K-

ch1 color of the eleven objects with both published K-band data and secure IRAC ch1

observations show presence of an absorption (red and blue diamonds, fig. 4.2). Eight of

those eleven objects show unambiguous absorptions; the error in the K-ch1 color does not

overlap zero. For objects without K-band data, the average of objects with a similar visible
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Table 4.2: Objects with negative K-ch1 color.

K-ch1 + σ
Data quality group No. obj < 0 fraction K-ch1 < 0 fraction
IRAC ch1 and vis-NIR 11 8 0.73 11 1.00
no K-band data 21 11 0.52 14 0.67
ch1 upper limit 13 9 0.69
All 45 29 0.64 35 0.78

slope, in the case of objects with visible photometry, or all objects in our sample was used

to assess possible absorptions (black diamonds, fig. 4.2). Absorptions are suggested on 14

out of 21 objects assessed with sample averaged photometry. Objects that only have upper

limits for observations with IRAC, 9 of 13, also display absorptions (maroon arrows, fig.

4.2). Taken together, 78% of these cold classical objects show absorptions (table 4.2). Seven

objects have ch1 albedos higher than the sample averaged K-band albedo and therefore a

positive k-ch1 color. It is important to note that none of these seven objects has published

K-band photometry and use sample averaged K-band data.

An interesting feature of fig. 4.2 is the change in slope of roughly thirds of the plot.

The data at higher K-ch1 end are assessed with sample averaged data and not much can be

said about the steeper slope. The objects on the middle, flatter slope are likely a mixture of

silicates and ices leading to more moderate absorptions. Objects with stronger absorptions

(left of plot) have a steep slope. These deep absorptions may be from the combination of

organics embedded in ices. It will be interesting to see if these inflections are seen in the

Kuiper Belt as a whole or are unique to the cold classical objects.

4.2 Surface composition analysis

Visible and near-infrared spectroscopy and photometry of the KBOs and Centaurs have

revealed a surprisingly varied range of colors and spectral reflectances. Some objects show

no diagnostic spectral bands while spectra of others show signatures of various surface

components: ices of H2O, N2, CH4, light hydrocarbons (e.g. CH3OH). The diversity in

these spectra suggests the bulk compositions of KBOs are equally varied.
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Figure 4.2: K-ch1 color indices for cold classical KBOs, sorted by color index. Negative
K-ch1 color indicates an absorption at λ > 2.5 µm. Blue and red diamonds are objects with
published K-band data. Black diamonds represent objects with sample averaged K-band
data. An upper limit (maroon arrow) in ch1 suggests an absorption.

The visible spectra of KBOs are generally featureless, but have a large variation in

gradient from neutral to very red. The reddest objects, those whose reflectance increases

steeply with wavelength, are interpreted to indicate the presence of some organic material

on their surfaces. The visible range can also be used to identify aqueously altered minerals

such as phyllosilicates. Although potential silicate bands (∼0.7 µm) have been reported on

a few KBOs, none of the features have yet been confirmed (Vilas and Gaffey, 1989; Jewitt

and Luu, 2001). The NIR (1-2.5 µm) is more diagnostic for identifying the presence of many

ices. Absorption features due to H2O, CH4, CO, N2, CH3OH, NH3, and C2H6 have been

reported in NIR spectra of KBOs, and CO2 has been detected on satellites of Uranus and
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Neptune (Cruikshank and Silvaggio, 1979; Brown et al., 1997; Luu and Jewitt, 1998; Brown

et al., 1999).

Vis and NIR spectra have been combined to further constrain the surface composition

of the brightest KBOs and Centaurs. The radiative transfer models of Hapke (1993) are

used to interpret these spectra by using different mixture types, mixing ratios, and material

parameters of optically measured materials. The red slopes are reproduced well by inclusion

of organic compounds like tholins or kerogens on the surface. Flat slopes are well modeled

by large fractions of amorphous carbon. Silicates are also present on some surfaces. For

example, Cruikshank et al. (1998) use olivine to significantly improve the model fit of spectra

of Centaur 5145 Pholus. Many objects have moderate to deep 1.5 and 2.0 µm absorptions

due to water ice. The objects with the greatest water absorption depths are associated with

the Haumea collisional family (Brown et al., 2007). The largest KBOs, Eris, Pluto, and

Makemake, have more complex spectra dominated by methane absorptions (Brown, 2008).

Some objects show both CH4 and N2, however others have clear indications of pure CH4

ice. Methanol, or a photolytic product of methanol, has been identified on 55628 2002 VE95

by Barucci et al. (2006). Featureless objects exhibit spectra with no identifiable features.

The featureless objects range in color from gray to some of the reddest objects in the Solar

System. Barucci et al. (2008) define several broad spectral categories for KBOs:

1. methane-dominated spectra,

2. water-ice-dominated spectra,

3. water-ice spectra with the presence of methanol-like features, and

4. featureless spectra.

In an independent analysis of published spectra, Brown et al. (2011) describe essentially the

same basic spectral groups. However, they divide the water-ice dominated groups by depth

of water band and spectral slope of the non-ice component.

At longer wavelengths, most ices are spectrally distinct from each other (fig. 4.3). CH4

has a strong absorption centered at 3.3 µm. H2O has an absorption around 3.0 µm and a

broader absorption centered around 4.3 µm. CO2 has an absorption at 4.25 µm. Organics,
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Figure 4.3: Absorption spectra of CH4, CO2, and H2O ices at 40K, organic Titan tholin,
and amorphous silicates olivine and pyroxene, separated for clarity. Standard photometric
filters and IRAC channels (grey bars) are plotted for reference.

represented here by Titan tholin, have a broad absorption at about 3.2 µm. While organics

and H2O have similar absorptions at these longer wavelengths, their visible spectra are very

different. Anhydrous silicates, such as olivine and pyroxene likely in an amorphous state,
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expected on objects that have undergone little thermal evolution have no absorptions at λ >

2.5 µm. It is important to note these materials are all spectrally distinct, even at the coarser

broadband wavelength resolution of NIR and IRAC photometry (grey bars, fig. 4.3).

Observation of these longer wavelength absorptions is difficult from the ground because of

high (and rapidly varying) background emission and absorption of incoming light by water

vapor in the Earths atmosphere. SST, in an Earth-trailing orbit, avoids these problems

allowing for investigation of diagnostic absorptions of materials observed or hypothesized on

KBO surfaces at λ > 2.5 µm for a large number of KBOs.

The utility of SST /IRAC photometry for identifying the spectrally dominant materials

on the surfaces of KBOs can be illustrated by considering the spectra in fig. 4.3. The strong

absorption of CH4 centered at 3.3 µm falls well into IRAC ch1 at 3.6 µm and there are

no appreciable absorptions in the 4.5 µm ch2. Therefore the reflectance of methane in ch2

will be higher than in ch1. Conversely, the CO2 absorption at 4.25 µm will cause the ch2

albedo to be lower than ch1. Water has a broad absorption at 3.0 µm that extends into ch1,

creating similar albedos in ch1 and ch2. The volatile ices have lower reflectance in ch1 than

K-band. Silicates tend to have similar albedos at the K-band and ch1 wavelengths. Tholins

have a higher ch1 albedo than K-band. The band differences, called here color indices, are

compared on a color-color plot. K-ch1 and ch1-ch2 colors are presented in table 4.3. Colors

reported without errors are upper limits.

Table 4.3: IRAC color indices for cold classical objects.

Object K-ch1 ch1-ch2

135182 2001 QT322 -2.14 +/- 0.20

138537 2000 OK67 -2.07 +/- 0.75 1.60 +/- 0.90

2001 QS322 <-1.97

2001 QX297 -1.77 +/- 0.71

2002 GV31 -1.74 +/- 0.22

Teharonhiawako -1.62 +/- 0.30

2001 QB298 <-1.60

1996 TK66 -1.44 +/- 0.73

48639 1995 TL8 <-1.41

20000 Varuna -1.22 +/- 0.17 0.21 +/- 0.27

2002 VT130 -1.06 +/- 0.61

2003 QA92 -0.98 +/- 1.10

2001 RZ143 -0.93 +/- 0.60

Continued on next page
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Table 4.3: continued

KBO K-ch1 ch1-ch2

2003 GH55 -0.86 +/- 0.56

126154 2001 YH140 -0.85 +/- 0.20

50000 Quaoar -0.82 +/- 0.06 -0.22 +/- 0.10

275809 2001 QY297 -0.82 +/- 0.56

2003 WU188 -0.76 +/- 0.57

119951 2002 KX14 -0.63 +/- 0.22 -0.63 +/- 0.22

2001 QO297 -0.54 +/- 0.32

2001 QD298 <-0.50

1999 CD158 <-0.50

2005 EF298 <-0.50

19521 Chaos -0.49 +/- 0.27 0.18 +/- 0.40

2000 CN105 -0.49 +/- 0.66

66652 Borasisi -0.49 +/- 0.15 0.81 +/- 0.26

134860 2000 OJ67 -0.41 +/- 0.33

60454 2000 CH105 <-0.36

145452 2005 RN43 -0.28 +/- 0.12

79360 1997 CS29 <-0.26

2004 VZ75 <-0.26

2007 TY430 -0.17 +/- 0.33

303712 2005 PR21 -0.09 +/- 0.21

120347 Salacia -0.09 +/- 0.18

2001 XR254 <-0.01

2003 QR91 0.15 +/- 0.35

2003 QA91 <0.21

2000 QL251 0.44 +/- 0.27

148780 Altjira 0.54 +/- 0.63

168703 2000 GP183 0.63 +/- 0.25

2006 HW122 0.83 +/- 0.32

1999 OJ4 <1.05

88268 2001 KK76 <1.50

2001 QC298 1.53 +/- 0.58

35671 1998 SN165 1.70 +/- 0.16

The distinct photometric behaviors of these materials are evident on a K-ch1, ch1-ch2

color-color plot (fig. 4.4). The various ices, organics, and silicates occupy different regions

of color space. The material fields are ranges of results for the materials modeled across a

range of grain sizes. K-band and IRAC colors of the cold classical KBOs can be analyzed in

this context as well. The six objects with secure observations in both IRAC ch1 and ch2 and

published K-band photometric measurements, 19521 Chaos, 20000 Varuna, 50000 Quaoar,
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Figure 4.4: K-ch1, IRAC color index color-color plot of cold classical objects. Fields are
plotted by modeling materials at different grain sizes.

66652 Borasisi, 119951 2002 KX14, and 138537 2000 OK67, are plotted in K-ch1 ch1-ch2

color space on fig. 4.4. The fields for each material are produced by modeling the materials

at different grain sizes and encircling the results. If the object plots within a particular

field, it is spectrally dominated by that material in . Surface materials on these objects are

analyzed below and summarized in table 4.4.

4.2.1 19521 Chaos

Although Chaos plots between the materials fields in fig. 4.4, the negative K-ch1 color clearly

shows an absorption in ch1. This is the first clear detection of ices on Chaos. Barkume et al.

(2008) notice a broad dip (1.7-2.0 µm) in their NIR spectra of Chaos, but attribute the

dip to poor atmospheric correction. The surface is most likely a mixture of H2O and CH4
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with hydrocarbon and organic components, although other materials cannot be completely

dismissed as possibilities.

4.2.2 20000 Varuna

Licandro et al. (2001) identified 1.5 and 2.0 µm water bands in Varuna’s spectrum and a

very red color related to chemical evolution of the surface materials. However, Barkume

et al. (2008) did not detect water ice on the surface. According to the taxonomy of Barucci

et al. (2005), Varuna is an intermediately sloped, or IR, object; they suggest the IR taxon

may have hydrous silicates on their surfaces. The relatively deep K-ch1 color indicates an

ice or organic absorption. These features, along with the red V-K color (fig. 4.5), indicate

ices with tholin or other red organic compounds. Varunas surface is consistent a mixture

ices and organic material.

4.2.3 50000 Quaoar

Jewitt and Luu (2004) first reported water ice on the surface of Quaoar. Schaller and Brown

(2007a) identified CH4, although the significant amount of H2O on the surface dominates

the gross composition seen here. Guilbert et al. (2009) also find small amounts of methane

ice. Dalle Ore et al. (2009) modeled the surface of Quaoar with 36-53% amorphous and

crystalline water ice. Their range in water ice fraction comes from addition of N2 from 0-

20%. Quaoar plots well into the H2O field, with a negative K-ch1 and positive ch1-ch2, on

the color-color plot (fig. 4.4). This confirms the presence of water ice on Quaoar’s surface.

4.2.4 66652 Borasisi

Barkume et al. (2008) were unable to detect specific ice signatures on Borasisis surface,

although they notice a broad dip (1.7-2.0 µm) near the 1.8 µm telluric water line in their

NIR spectra which they attribute to poor atmospheric correction. The K-ch1 color is

unambiguously negative and indicates a clear absorption. Therefore, we report the first

clear indication of ices or organics on the surface of Borasisi. The consistency of this method

with previous observations of Quaoar and Varuna lend credence the method of comparing
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Table 4.4: Observed ices

No. Name/Designation Observed Surface Materials
19521 Chaos mixture
20000 Varuna organics
50000 Quaoar H2O
66652 Borasisi CH4

119951 2002 KX14 mixture, H2O
138537 2000 OK67 CH3OH

the object in color-color space with modeled material fields. The ch1-ch2 color of Borasisi

is consistent with methane. The red V-K of Borasisi indicates organics. Borasisis surface

is likely organic material interspersed in methane ice. Other combinations materials may

produce a similar result, for example Borasisi may be plotted on a line connecting methanol

and silicates. However, the spectra of the materials of interest do not combine linearly and

compositional analysis becomes much more complicated.

4.2.5 119951 2002 KX14

Barkume et al. (2008) did not detect ices on the surface of 2002 KX14, but did notice a

broad dip (1.7-2.0 µm) that they attributed to poor telluric correction, as with Chaos and

Borasisi. A negative K-ch1 shows an absorption, the first detection of ices or organics on

2002 KX14 (fig. 4.4). The ch1-ch2 color is slightly positive, an indication of water ice.

The slight increase in reflectance from ch1 to ch2 may also an indication of the presence

of silicates. The surface of 2002 KX14 is likely a mixture of materials with an appreciable

fraction of water ice, organics produced by the chemical evolution of ices, and silicates.

4.2.6 138537 2000 OK67

Interestingly, 2000 OK67 did not initially fit into a taxa set forth by Barucci et al. (2005).

However, Fulchignoni et al. (2008) classify is as RR. 2000 OK67 is a rather red V-K object

with a pronounced absorption in ch2 (fig. 4.4). Although 2000 OK67 plots just outside the

methanol field, its surface likely contains methanol or other simple hydrocarbon molecules.

This is the first detection of ices on 2000 OK67.
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Figure 4.5: K-ch1 (average) vs. V-K color indices. Objects traditionally classified as
cold classical are blue diamonds, objects fitting in Petit et al. (2011) or Sheppard (2012)
classifications are red diamonds, objects with upper limits and published photometry are
maroon arrows. Of these 10 objects, 9 have absorptions λ > 2.5 µm indicating volatiles
present. The new IRAC data reveal that objects with steeper vis-NIR spectral slopes (higher
V-K on this plot) have more pronounced absorptions. The black solid line is a least-squares
best fit of the data.

It would be useful to perform the above analysis on our entire sample. Unfortunately,

most of the cold classical objects are too faint for observation in IRAC ch2 (4.5 µm). Figure

4.5 is a K-ch1 V-K color-color plot of objects with published K-band data. Objects with

steeper or redder slopes have higher V-K colors. The more negative a K-ch1 color, in this plot

averaged between the two observations, the more pronounced the absorption is. The black

best-fit line shows a correlation between redder slopes and more pronounced absorptions.

This correlation suggests we are seeing red sloped organics on the surfaces of these cold

30



classical objects. There is ongoing debate whether the organic material was incorporated

into objects or formed by chemical evolution (Dalle Ore et al., 2011).

4.3 Correlations with object characteristics

Correlations among spectral (compositional), physical, and orbital properties of small bodies

have the potential to shed light on the evolution of those bodies. The colors available in

this data set (B-V, V-R, V-I, V-J, V-H, V-K, K-ch1, ch1-ch2) have been paired with orbital

parameters (a, e, i, q, Q) and physical characteristics (pv, R, Hv) to assess correlations of

colors and object orbit and properties. Cold classical objects are expected to have formed

where they are, or at > 30 AU (Levison et al., 2008; Batygin et al., 2011), far enough from

the Sun, that volatiles condense during formation. Even though the cold classical belt is

relatively narrow (42.5 < a < 47.5 AU), a chemical gradient across the region is reasonable

to expect (Brown et al., 2011). Since these bodies are thought to have undergone little

to no thermal evolution or processing, this gradient is expected to be retained as volatile

composition across the region. Band differences with respect to orbital parameters, such

as semi-major axis, inclination, eccentricity, and perihelion should be correlated in some

way because of chemical gradients of formation. Additionally, if the cold classicals have

undergone thermal processing in some systematic way, the signature of that process may be

left.

One of the primary spectral/orbital pairs of interest is the orbital distance from the

Sun and depth of absorption. The most straight-forward proxies for distance and depth are

semi-major axis and K-ch1 color. No correlation was seen between these quantities (fig. 4.6,

upper left). Other orbital parameters and colors were also searched, but no combination

showed correlation. To illustrate the results, parametric plots for K-ch1 color are shown in

fig. 4.6. These data include sample averaged K-band values. The distribution of surface

volatiles for the newly collected KBO data combined with previously published data for cold

classical KBOs does not correlate to any orbital characteristics. A chemical gradient is not

found across the cold classical population. There is no evidence for thermal processing in

these data.
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Figure 4.6: Plots of K-ch1 color as a function of orbital parameters semi-major axis (a),
eccentricity (e), perihelion (q), aphelion (Q) and inclination (i). a, q, and Q are in units of
AU; i is in units of degrees. The lower right plot is a zoomed in view of orbital inclination
of the objects from 0 to 5◦.
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Figure 4.7: Physical characteristics vs. K-ch1 color. Icier bodies have higher albedos and
deeper absorptions leading to an anti-correlation (black dotted line, R2 = 0.36). The lack of
small objects with positive K-ch1 color (red oval) is an observational bias.

Some structure in the plots of physical characteristics and K-ch1 color can be seen (fig.

4.7). A slight correlation is present in K-ch1 versus pv, black line on the upper left plot. This

is reasonable because higher albedo bodies are icier and therefore have deeper absorptions.

The lack of small bodies with positive K-ch1 colors (red oval) is an observational bias. Icy

bodies that have higher albedo and deeper absorptions (more negative K-ch1) are more

detectible than non-icy, dark bodies. As detection and observation techniques become more

sensitive, the area encircled should fill as more small dark objects are found. No correlation

is noticed between absolute magnitude and K-ch1 color.
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5. Discussion

The six objects with enough data (K-band, IRAC ch1 and ch2) for surface composition

analysis are surprisingly diverse in composition. Varuna shows indication of organics on its

surface. With a higher inclination and orbit more properly classified as a hot classical object,

Varuna may have undergone more thermal processing than most of the other objects in this

sample. The surface of Quaoar is found to be water ice, agreeing with previously published

analyses (Jewitt and Luu, 2004; Dalle Ore et al., 2009). Ices are detected, for the first time,

on Chaos, 2002 KX14, 2000 OK67, and Borasisi. 2002 KX14 and Chaos have colors that do

not fit any end member composition and are of mixed surface composition. 2002 KX14 has

a large water ice fraction as it is photometrically similar to an object that has surface water

ice. The red V-K slopes of these objects are the result of red organic material embedded in

the ices on their surfaces.

For the first time, methane is detected on the surface of Borasisi. The presence of methane

on Borasisi is surprising, as methane is not expected to be retained over the age of the Solar

System on the surface of a body as small as Borasisi, R = 66-139 km (Schaller and Brown,

2007b). Several scenarios for the retention of methane are possible. First, atmospheric escape

may not be as efficient on cold classical bodies as expected. Second, an organic irradiation

crust may have formed on the surface of Borasisi, trapping and preventing the escape of

methane. Third, resurfacing of Borasisi may have exposed subsurface methane. It seems

likely that if ion irradiation is vigorous enough to form organics, atmospheric escape would

be efficient enough for the loss methane. Borasisi also has a red V-K color, indicating organic

material on the surface. Reddening caused by simple organic grains embedded in methane

ice (Brunetto et al., 2006) is likely what we are seeing in the photometry of Borasisi.

34



Methanol has been observed on Pholus, 55638 2002 VE95, and 26181 1996 GQ21 (Barucci

et al., 2006; Cruikshank et al., 1998; Barucci et al., 2008). Methanol is less volatile than

methane and some may be expected to remain on a small body like 2000 OK67. However,

methanol is expected to be irradiated into more complex molecules (Brunetto et al., 2006).

The presence of methanol on 2000 OK67 points to a primordial surface or some resurfacing

mechanism, such as collisions.

The majority (78%) of the 46 cold classical objects in our sample have some indication of

absorptions from ices or organics. Among the objects with published vis-NIR data and secure

IRAC observations, eight of eleven (73%) show unambiguous absorption in IRAC ch1 and

all of them have some indication of absorption. Is important to note that none of the seven

objects that have positive K-ch1 have published K-band data and are assessed using sample

averaged data. The high fraction of cold classical objects with absorptions supports my

hypothesis that these objects retain their volatile materials, with some caveats. Correlation

of the depth of absorption and the redness of the spectral slope, V- to K-band, suggests

absorptions could be from organic materials on the surfaces of these objects. These organic

materials are products of volatile ices irradiated by solar winds and chemically altered to

more complex organic molecules (Brunetto et al., 2006). An organic signature is an indication

that the ices have been retained on the surface and chemically altered rather than lost during

thermal evolution.

Two inflection points can be seen in the slope of K-ch1 versus object in fig. 4.2. It is

instructive to compare the spectral groups suggested by Barucci et al. (2008) with these

slopes. The upper, steep slope is difficult to assess because the K-band data for those

objects is sample averaged. The objects in the middle show a moderate slope and moderate

absorptions caused by featureless (at these wavelengths) silicates mixed in with ices. Borasisi,

shown here to be methane rich, is at the higher end of the slope and falls into the first spectral

group. Chaos is an intermediate object between the methane and water ice dominated

objects. 2002 KX14 and Quaoar are water ice dominated and fall into the second spectral

group. Varunas surface is a mixture of organics and ices. Water ice has been detected

on Varuna. Organics are photolytic products of ices and intermediate simple hydrocarbons

are likely still present. Varuna may be intermediate between the second and third spectral
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Table 5.1: Spectral class in order of K-ch1 index.

Number Name/designation Spectral class K-ch1
66652 Borasisi 1 -0.49 +/- 0.15
19521 Chaos 1-2 -0.49 +/- 0.27
119951 2002 KX14 2 -0.63 +/- 0.22
50000 Quaoar 2 -0.82 +/- 0.06
20000 Varuna 2-3 -1.22 +/- 0.17
168537 2000 OK67 3 -2.07 +/- 0.75

groups. 2000 OK67, which is methanol or hydrocarbon rich, is at the extreme left or deepest

absorption end of fig. 4.2. Moving right to left on the figure, or moderate to deep absorption,

the objects transition from one spectral class to the next nicely (table 5.1). The transitional

objects Chaos and Varuna suggest there may be a continuum of spectral shapes rather than

discrete groups.

By using sample averaged colors for objects without published NIR photometric data,

the assumption is cold classical objects that have similar visible slopes have similar NIR

spectral shapes. Because of the similar red color among the cold classicla objects, this

seems reasonable, but may prove to be incorrect. Vis-NIR HST photometric data provides

a visual means to assess how well the sample averaged colors fit the spectral shape of an

object. Four objects, 2003 GH55, 2001 QS322, 2001 QX297, and 88611 Teharonhiawako,

have sample averaged K-band data that are higher in albedo than the HST data. A possible

explanation for this is that our average is higher than the absorptions from the materials

actually present on these specific bodies. However, for four other objects, 2001 RZ143, 2001

KK76, 2006 HW122, and 2003 QA92, the shape of the HST data agrees with the sample

averaged albedos. The HST narrow band data is sensitive to narrower absorptions than

would be seen with broadband NIR standard filters and these absorptions may not strongly

affect the overall shape of the spectrum of an object. Future NIR photometry of cold classical

objects will help better combine these data sets and refine the average NIR colors for cold

classical objects.

Omitting objects classified as cold classical by the Petit et al. (2011) scheme, but not

by the Gladman et al. (2008) scheme and resonant objects, does not significantly affect the

analysis. If these objects are omitted, all of the remaining objects with K-band data and a

secure ch1 observation still show an indication of an absorption. The percentage of objects
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with absorptions for sample averaged K-band data do not significantly change. Only 58% of

the upper limits indicate clear absorptions, a decrease of 11%. However, upper limits cannot

confirm the absence of an absorption.

No correlation of colors and orbital parameters was found. Any signature of a chemical

gradient across the cold classical population is not seen in these data. The narrow span

that the cold classicals occupy may too narrow to exhibit any gradient. The lack of

obvious correlation between IR absorptions and orbital parameters supports the hypothesis

that thermal processes have not affected the cold classical belt in any systematic way.

Physical characteristics display weak correlations with color, but these are likely because

of observational biases.

The presence of ices and organics on the surfaces of cold classical objects indicates these

objects formed far from the Sun as required by many Solar System formation models. These

materials also suggest the cold classicals have remained dynamically stable throughout the

lifetime of the Solar System.

These Spitzer observations of cold classical KBOs are part of a larger program that

includes 170 additional objects, two detached, 29 hot classical, 39 resonant, 40 scattered, 43

Centaurs, and 17 Trojan asteroids. With these other IRAC data, similar composition studies

of other Kuiper Belt classes and Centaurs can be done. Many objects lack supporting ground

based data and observations are in progress. Comparison of the dynamical classes will be

interesting to assess whether these results are unique to the cold classical population.

James Webb Space Telescope (JWST ) will provide exciting capabilities to further assess

the composition of Kuiper Belt Objects. The Near Infrared Camera (NIRCam) and Near

Infrared Spectrograph (NIRSpec) will have a spectral range of 0.6-5 µm and sensitivity as low

as ∼11 nJy in the wide band photometric filters. More sensitive spectra and photometric

observations of KBOs will bolster and constrain our understanding of the nature of their

surfaces. Technical details of the JWST suite of instruments can be found on the science

website1.

A required objective of the New Horizons mission, expected to arrive at the Pluto system

in 2015, is to collect visible and infrared spectra and thus compositionally map the surfaces

1http://www.stsci.edu/jwst/
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of Pluto and Charon. The MVIC (Multi-spectral Visible Imaging Camera) is a panchromatic

mapping camera that also images three broad-band colors, blue (0.40-0.55 µm), red (0.54-

0.70 µm) and near-IR (0.780-0.975 µm), as well as a narrow band filter at 0.860-0.910 µm that

will map the strong CH4 feature at 0.89 µm. LEISA (Linear Etalon Imaging Spectral Array)

is a 1.25-2.5 µm spectrometer designed to map absorption features of species previously

discovered on Pluto (Young et al., 2008). Detailed understanding of one of the largest KBOs

will test current and guide future hypotheses about KBO formation and evolution.
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Conclusions

We find that most of the cold classical objects have absorptions in IRAC ch1. These

absorptions are from ices of H2O and CH4 or organic materials derived from these ices. For

six objects with secure observation in ch2, we assess gross surface composition. The surface

of 20000 Varuna is composed largely of organic material, possible remnants of irradiated

ices. 50000 Quaoar is found to have a surface of mostly water ice, agreeing with previously

published findings. For the first time, ices are observed on four objects: 19521 Chaos, 119951

2002 KX14, 66652 Borasisi, and 138537 2000 OK67. Chaos has a mixture of surface ices and

organics. 2002 KX14 is likely a mixture of materials with a large fraction of water ice.

Borasisi and 2000 OK67 are particularly intriguing. Borasisi has a surface composed

largely of methane. This is surprising because methane is thought to escape from bodies

as small as Borasisi over the age of the Solar System. Methanol and light hydrocarbons

are found on the surface of 2000 OK67. Over the age of the Solar System methanol should

have been irradiated into organics. Both discoveries require the surface of these bodies to

be primordial or resurfaced to explain the presence of these materials.

The presence of ices and organics agrees with the idea that the cold classical objects

formed far from the Sun and have not been dynamically perturbed. The cold classicals

have diverse compositions that exhibit a continuum of spectral shapes rather than discrete

groups. Cold classical Kuiper Belt Objects are found to be rich in volatile ices and the

organic materials. These findings are small steps toward a larger understanding. The study

of these primitive objects in the far reaches of our corner of space provides a window into

the history and formation of our Solar System.
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A. IRAC observational data

Data from IRAC observations are presented here. Albedo is calculated from flux as described in the text.

Table A.1: IRAC fluxes and converted albedos.

Fluxes (µJy) Albedos pv & R

Name (desination) Date ch1 ch2 ch1 ch2 pv R(km) Source

50000 Quaoar 15-Sep-05 28.00+/-1.28 14.06+/-1.26 0.263+/-0.012 0.201+/-0.018 0.199 422 Sta08

18-Sep-05 28.78+/-1.74 16.46+/-1.75 0.271+/-0.016 0.236+/-0.025

20000 Varuna 24-Mar-06 9.48+/-2.52 9.24+/-1.59 0.075+/-0.020 0.112+/-0.019 0.088 357 Bru09

29-Mar-06 9.76+/-0.77 6.33+/-1.18 0.078+/-0.006 0.077+/-0.023

66652 Borasisi 26-Dec-07 2.38+/-0.45 2.97+/-0.63 0.175+/-0.033 0.332+/-0.071 0.1 139 Bru09

31-Dec-07 2.67+/-0.47 4.07+/-1.01 0.197+/-0.035 0.458+/-0.114

19521 Chaos 19-Oct-07 5.26+/-0.64 5.02+/-0.81 0.055+/-0.007 0.080+/-0.013 0.05 300 Vil12

23-Oct-07 7.99+/-3.63 5.08+/-2.05 0.083+/-0.038 0.080+/-0.032

79360 1997 CS29 7-May-08 0.59+/-0.16 0.60+/-0.12 0.042+/-0.012 0.255* 0.09 172 Vil12

9-May-08 0.53+/-0.15 0.67+/-0.08 0.038+/-0.011 0.183*

Continued on next page
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Table A.1: continued

Fluxes (µJy) Albedos pv & R

Name (desination) Date ch1 ch2 ch1 ch2 pv R(km) Source

119951 2002 KX14 16-Sep-08 26.84+/-6.65 4.23+/-1.02 0.614+/-0.156* 0.147+/-0.036 0.097 228 Sta08

20-Sep-08 7.22+/-0.51 4.56+/-0.78 0.166+/-0.015 0.160+/-0.029

134860 2000 OJ67 22-Nov-07 1.53+/-0.39 0.88+/-0.43* 0.290+/-0.075 0.254+/-0.125* 0.1 l 90 Bru09

25-Nov-07 2.75+/-1.39 2.90+/-1.56* 0.527+/-0.265 0.844+/-0.455*

35671 1998 SN165 29-Jan-10 5.26+/-0.76 3.79+/-0.65 0.305+/-0.045 0.335+/-0.057 0.043 230 Sta08

3-Feb-10 4.10+/-0.70 3.08+/-0.62 0.240+/-0.041 0.274+/-0.055

138537 2000 OK67 13-Jan-10 0.86+/-0.68 1.96+/-0.61 0.113+/-0.089 0.392+/-0.122 0.2 76 Vil12

17-Jan-10 0.92+/-1.04 3.34+/-0.98 0.121+/-0.137 0.670+/-0.198

2002 GV31 25-Jun-10 3.22+/-0.73 1.01+/-0.62 0.103+/-0.023 0.050+/-0.030 0.22 l 65 Vil12

29-Jun-10 4.14+/-1.26 1.46+/-0.54 0.134+/-0.041 0.072+/-0.027

2003 GH55 24-Mar-10 2.06+/-1.45 0.116+/-0.081 0.088a 155 Sta08

28-Mar-10 1.90+/-1.39 0.106+/-0.078

2005 EF298 15-Jun-10 1.60+/-0.28 0.269+/-0.047* 0.16 87 Vil12

19-Jun-10 1.32+/-0.25 0.224+/-0.034*

Teharonhiawako 2-Jan-10 2.16+/-0.98 0.130+/-0.059 0.22 89 Vil12

6-Jan-10 2.28+/-0.60 0.137+/-0.036

303712 2005 PR21 12-Jan-10 3.05+/-0.86 0.230+/-0.065 0.088a 135 Sta08

16-Jan-10 2.64+/-0.61 0.200+/-0.047

Continued on next page
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Table A.1: continued

Fluxes (µJy) Albedos pv & R

Name (desination) Date ch1 ch2 ch1 ch2 pv R(km) Source

2003 WU188 18-Nov-09 1.66+/-1.39 0.105+/-0.088 0.088a 163 Sta08

22-Nov-09 2.05+/-1.24 0.129+/-0.078

2001 QO297 23-Jan-10 2.27+/-0.83 0.171+/-0.063 0.088a 163 Sta08

27-Jan-10 1.66+/-0.67 0.126+/-0.051

168703 2000 GP183 4-Sep-09 3.44+/-0.68 0.232+/-0.046 0.088a 163 Dor05b

7-Sep-09 5.22+/-1.87 0.353+/-0.127

135182 2001 QT322 23-Jan-10 0.63+/-0.14 0.060+/-0.013 0.21 l 97 Bru09

28-Jan-10 2.54+/-2.05 0.091+/-0.018

2000 CN105 26-Jun-10 0.36+/-1.45 1.43+/-0.56 0.028+/-0.113 0.169+/-0.066 0.088a 167 Pei04

1-Jul-10 1.48+/-0.78 1.48+/-0.53 0.116+/-0.061 0.177+/-0.063

2002 VT130 30-Oct-09 1.35+/-0.73 0.119+/-0.064 0.13 l 111 Br09(mod)

3-Nov-09 1.51+/-1.47 0.133+/-0.129

2001 RZ143 5-Sep-09 1.69+/-1.34 0.118+/-0.094 0.191 143 Vil12

10-Sep-09 3.67+/-2.63 0.256+/-0.184

2003 QA92 2-Jan-10 2.03+/-2.91 0.148+/-0.213 0.088a 107 Sta08

6-Jan-10 0.84+/-1.19 0.061+/-0.087

2001 QX297 11-Jan-10 0.80+/-0.49 0.062+/-0.038 0.088 148 Sta08

15-Jan-10 0.43+/-0.50 0.034+/-0.039

Continued on next page
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Table A.1: continued

Fluxes (µJy) Albedos pv & R

Name (desination) Date ch1 ch2 ch1 ch2 pv R(km) Source

2006 HW122 16-Sep-09 4.17+/-2.04 0.532+/-0.260 0.088 118 Sta08

20-Sep-09 3.72+/-1.05 0.477+/-0.135

88268 2001 KK76 23-Sep-09 11.85+/-1.25 0.976+/-0.103* 0.088a 133 Sta08

27-Sep-09 13.02+/-1.64 1.083+/-0.137*

1999 OJ4 6-Dec-09 1.56+/-0.21 0.720+/-0.098* 0.13u 47 Gr09

11-Dec-09 1.77+/-0.22 0.826+/-0.105*

2001 QD298 7-Dec-09 1.01+/-0.19 0.258+/-0.049* 0.18 73 Bru09

11-Dec-09 1.03+/-0.18 0.266+/-0.047*

2001 QS322 23-Jan-10 1.04+/-0.15 1.47+/-1.20 0.078+/-0.011* 0.168+/-0.137 0.15u 100 Bru09

28-Jan-10 0.71+/-0.12 1.97+/-1.45 0.053+/-0.009* 0.226+/-0.166

2004 VZ75 30-Oct-09 4.98+/-3.61* 0.315+/-0.228* 0.088a 148 Sta08

2-Nov-09 1.61+/-0.96* 0.101+/-0.060*

2001 QB298 11-Jan-10 0.63+/-0.15 0.041+/-0.010* 0.088a 135 Sta08

15-Jan-10 0.95+/-0.16 0.062+/-0.011*

60454 2000 CH105 5-Feb-10 0.62+/-0.66 0.067+/-0.071* 0.088a 109 Pei04

9-Feb-10 0.85+/-0.59 0.091+/-0.063*

1996 TK66 4-Sep-09 2.13+/-0.48 0.209+/-0.047 0.088 129 Sta08

8-Sep-09 0.26+/-0.34 0.026+/-0.034

Continued on next page
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Table A.1: continued

Fluxes (µJy) Albedos pv & R

Name (desination) Date ch1 ch2 ch1 ch2 pv R(km) Source

145452 2005 RN43 18-Dec-10 14.01+/-1.13 9.76+/-0.44* 0.154+/-0.013 0.164+/-0.008* 0.107 340 Vil12

21-Dec-10 12.45+/-2.30 10.89+/-0.91* 0.138+/-0.026 0.184+/-0.015*

1999 CD158 6-Jun-12 3.67+/-1.08* 0.136* 0.088a 281.4 Del01

12-Jun-12 2.82+/-0.86* 0.106*

120347 Salacia 23-Jan-10 9.34+/-1.64 0.083+/-0.015 0.044 450.5 Vil12

26-Jan-10 8.20+/-1.58 0.073+/-0.014

2007 TY430 30-Jan-10 2.46+/-0.84 0.350+/-0.124 0.23 50 She12

3-Feb-10 2.39+/-0.78 0.344+/-0.116

2000 QL251 29-Jan-10 2.97+/-1.07 0.298+/-0.108 0.088a 107 Sta08

3-Feb-10 2.01+/-0.53 0.203+/-0.053

148780 Altjira 10-Oct-09 2.35+/-1.31 0.292+/-0.163 0.07 1 129 Vil12

14-Oct-09 -0.17+/-1.47 0.327*

275809 2001 QY297 28-Nov-09 1.68+/-0.54 0.271+/-0.086 0.2 100 Vil12

3-Dec-09 1.13+/-0.97 0.185+/-0.157

2003 QR91 28-Nov-09 2.28+/-1.33 0.200+/-0.117 0.088a 112 Sta08

3-Dec-09 4.03+/-0.91 0.359+/-0.081

2001 QC298 25-Dec-09 2.77+/-1.32 0.156+/-0.074 0.025 122 Sta08

28-Dec-09 0.14+/-1.08 0.217*

Continued on next page
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Table A.1: continued

Fluxes (µJy) Albedos pv & R

Name (desination) Date ch1 ch2 ch1 ch2 pv R(km) Source

2003 QA91 9-Dec-09 3.13+/-1.25 0.256* 0.088a 178 Sta08

13-Dec-09 2.95+/-1.61 0.268*

2001 XR254 6-Dec-09 0.17 100 Vil12

10-Dec-09 0.59+/-0.96 0.318*

126154 2001 YH140 2-Jan-12 3.50+/-0.60 0.103+/-0.018 0.08 175 Mul10

6-Jan-12 3.14+/-0.89 0.092+/-0.026

48639 1995 TL8 3-Mar-11 1.48+/-0.34* 0.080* 0.09b 200 Dor05

7-Mar-11 13.64+/-8.71*

∗ - upper limit for flux or albedo reported.
a - average KBO albedo from Stansberry et al. (2008).
b - assumed pvfrom Doressoundiram et al. (2005).
l - lower limit for pv.
b - approximate pvfrom Sheppard (2012).
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B. Published photometric data

Published photometric data used in this analysis are presented here.

Table B.1: Published photometric data.

Name (desination) B-V V-R V-I Vis Ref V-J V-H V-K NIR Ref

48639 1995 TL8 1.04+/-0.07 0.69+/-0.05 1.33+/-0.09 Del04 2.42+/-0.05 2.82+/-0.09 2.80+/-0.09 Del04

1996 TK66 0.95+/-0.08 0.81+/-0.05 1.42+/-0.06 Dor02 2.16+/-0.13a 2.68+/-0.15a –

79360 Sila-Nunam 1.08+/-0.03 0.66+/-0.04 1.25+/-0.03 Ful08& 2.06+/-0.03 2.44+/-0.08 2.48+/-0.09 Ful08&

35671 1998 SN165 0.82+/-0.08 0.33+/-0.08 0.84+/-0.08 Dor01& 1.27+/-0.05 1.73+/-0.14a McB03

19521 Chaos 0.93+/-0.06 0.56+/-0.04 1.26+/-0.06 Del06 1.83+/-0.08 2.23+/-0.09 2.25+/-0.11 Del04&

1999 CD158 0.87+/-0.08 0.48+/-0.06 1.02+/-0.11 Del04 1.86+/-0.07 2.31+/-0.12 2.29+/-0.16 Del04

1999 OJ4 0.99+/-0.08 0.68+/-0.05 1.20+/-0.08 Pei04 1.94+/-0.14a 2.2 +/-0.48 2.46+/-0.16a Ben11

66652 Borasisi 0.82+/-0.17 0.65+/-0.06 1.30+/-0.06 Ful08 2.01+/-0.07 2.49+/-0.11 2.59+/-0.09 Ful08&

60454 2000 CH105 1.02+/-0.09 0.68+/-0.06 Pei04 2.07+/-0.13a 2.59+/-0.14a –

2000 CL104 1.22+/-0.17 0.63+/-0.10 1.34+/-0.13 Boe02 2.08+/-0.18a 2.39+/-0.37 2.60+/-0.19a Ben11

2000 CN105 1.10+/-0.02 0.66+/-0.02 1.3 +/-0.03 Jew07 1.98+/-0.06m 2.22+/-0.33t Tru11

168703 2000 GP183 0.77+/-0.04 0.39+/-0.04 0.82+/-0.04 Dor02 1.56+/-0.13a 2.08+/-0.15a –

134860 2000 OJ67 1.05+/-0.06 0.67+/-0.05 1.27+/-0.07 Ful08 1.98+/-0.10 2.26+/-0.14 2.33+/-0.16 Ful08

138537 2000 OK67 0.89+/-0.08 0.65+/-0.05 1.22+/-0.08 Dor02 2.42+/-0.08 2.88+/-0.11 2.92+/-0.12 Del04

2000 QL251 0.85+/-0.09 Ben09 1.59+/-0.15a 2.11+/-0.17a –

20000 Varuna 0.92+/-0.03 0.61+/-0.02 1.22+/-0.02 Dor07& 1.97+/-0.07 2.53+/-0.10 2.50+/-0.11 Dor07&

88268 2001 KK76 1.03+/-0.06 0.81+/-0.05 Gul06 2.2 +/-0.12a 2.72+/-0.13a –

2001 QB298 – 2.49+/-0.11a –

2001 QC298 0.66+/-0.07 0.37+/-0.07 1.00+/-0.06 San09 1.43+/-0.22 1.95+/-0.26 1.89+/-0.26a San09

2001 QD298 0.97+/-0.13 0.67+/-0.09 Dor05b 2.06+/-0.14a 2.58+/-0.15a –

2001 QO297 0.69+/-0.11 1.27+/-0.07 San09 2.01+/-0.14a 2.53+/-0.16a –

2001 QS322 – 2.49+/-0.11a –

Continued on next page
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Table B.1: continued

Name (desination) B-V V-R V-I Vis Ref V-J V-H V-K NIR Ref

Teharonhiawako 1.01+/-0.04 0.61+/-0.04 1.25+/-0.05 Osi03 1.99+/-0.13a 2.51+/-0.15a –

135182 2001 QT322 0.53+/-0.12 Bru09 1.92+/-0.16a 2.44+/-0.17a –

2001 QX297 – 2.49+/-0.11a –

2001 RZ143 1.08+/-0.14 0.51+/-0.13 1.00+/-0.12 San09 1.74+/-0.17a 2.26+/-0.18a –

148780 Altjira 0.91+/-0.13 0.74+/-0.08 1.17+/-0.09 Dor05b 1.91+/-0.15a 2.43+/-0.17a –

2001 XR254 1.04+/-0.11 Ben09 1.78+/-0.16a 2.3 +/-0.18a –

126154 2001 YH140 – 2.49+/-0.11a –

2002 GV31 – 2.49+/-0.11a –

119951 2002 KX14 0.62+/-0.02 Bru09& 2.28+/-0.07m 2.64+/-0.20t Tru11&

50000 Quaoar 0.94+/-0.02 0.67+/-0.02 1.28+/-0.02 DeM09& 2.18+/-0.06 2.54+/-0.06 2.57+/-0.06 DeM09&

2002 VT130 1.45+/-0.21 0.56+/-0.10 1.19+/-0.10 San09 1.93+/-0.16a 2.45+/-0.17a –

2003 GH55 1.12+/-0.05 0.63+/-0.06 Jew07 2.02+/-0.13a 2.54+/-0.13a –

2003 QA91 – 2.49+/-0.11a –

2003 QA92 – 2.49+/-0.11a –

2003 QR91 – 2.49+/-0.11a –

2003 WU188 – 2.49+/-0.11a –

120347 Salacia 0.87+/-0.01 Ben09& 1.61+/-0.12a 2.14+/-0.15t Tru11

2004 VZ75 – 2.49+/-0.11a –

2005 EF298 – 2.49+/-0.11a –

303712 2005 PR21 – 2.49+/-0.11a –

145452 2005 RN43 1.03+/-0.07 1.13+/-0.21 DeM09& 1.59+/-0.05 1.86+/-0.06 2.05+/-0.06 DeM09&

2006 HW122 – 2.49+/-0.11a –

275809 2001 QY297 0.70+/-0.12 0.43+/-0.09 1.10+/-0.19 Dor07 1.82+/-0.08 2.33+/-0.13 2.37+/-0.39a Dor07

2007 TY430 1.29+/-0.01 0.74+/-0.01 1.37+/-0.01 She12 1.77+/-0.09 2.05+/-0.28t She12

a - calculated from average colors of cold classical sample.

t - calculated by J-K from Trujillo et al. (2011).

m - photometry from mixed sources..

& - spectra available.

Reference abbreviations for published photometry tables: Ben09 Benecchi et al. (2009); Ben11 Benecchi et al.

(2011); Ben11 Benecchi et al. (2011); Bru09 Brucker et al. (2009); Del01 Delsanti et al. (2001); Del04 Delsanti et al. (2004);

DeM09 DeMeo et al. (2009); Dor05 Doressoundiram et al. (2005); Dor07 Doressoundiram et al. (2007); Fra12 Fraser and Brown

(2012); Ful08 Fulchignoni et al. (2008); Gru09 Grundy et al. (2009); McB03 McBride et al. (2003); Mul10 Müller et al. (2010);
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Table B.2: Colors published in Trujillo et al. (2011)

Name/designation J-H2O J-CH4 J-K
2000 CN105 0.09+/-0.09 -0.28+/-0.2 0.24+/-0.45
119951 2002 KX14 -0.04+/-0.09 0.13+/-0.1 0.36+/-0.26
50000 Quaoar 0.11+/-0.03 0.27+/-0.04 0.50+/-0.16
120347 Salacia 0.22+/-0.06 0.2 +/-0.07 0.53+/-0.11
2007 TY430s -0.16+/-0.13 0.07+/-0.15 0.28+/-0.37
s - Sheppard (2012)

Pei04 Peixinho et al. (2004); San09 Santos-Sanz et al. (2009); She12 Sheppard (2012); Sta08 Stansberry et al. (2008); Tru11

Trujillo et al. (2011); Vil12 Vilenius et al. (2012)
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Table B.3: HST photometry

Name (desination) F555W-F675W F555W-F814W F555w-F110w F606w-F814w F814w-F139m F139m-F154m F110W-F160W Source
66652 Borasisi 1.57+/-0.12a 0.58+/-0.09 Ben11
2001 QC298 -0.43+/-0.06 -1.03+/-0.07 -0.26+/-0.08 0.61+/-0.18 Ben11, Fra12
145452 2005 RN43 -0.13+/-0.01 -1.1 +/-0.01 -0.24+/-0.01 Fra12
Teharonhiawako -0.07+/-0.05 -1.05+/-0.06 -0.19+/-0.06 Fra12
88268 2001 KK76 0.072+/-0.06 -0.88+/-0.07 -0.15+/-0.07 Fra12
2001 QS322 -0.01+/-0.08 -1.04+/-0.1 -0.15+/-0.12 Fra12
2001 QX297 0.066+/-0.06 -1.01+/-0.08 -0.29+/-0.09 Fra12
2001 RZ143 -0.07+/-0.05 -0.99+/-0.06 -0.27+/-0.07 Fra12
2006 HW122 -0.05+/-0.1 -0.93+/-0.13 -0.48+/-0.18 Fra12
2003 GH55 -0.02+/-0.04 -0.88+/-0.04 -0.25+/-0.05 Fra12
79360 Sila-Nunam 1.57+/-0.25a 0.57+/-0.09 Ben11
19521 Chaos 1.57+/-0.25a 0.55+/-0.03 Ben11
168703 2000 GP183 0.6 +/-0.06 0.92+/-0.06 Ben11
48639 1995 TL8 1.57+/-0.25a 0.64+/-0.03 Ben11
1996 TK66 0.81+/-0.08 1.14+/-0.08 Ben11
1999 CD158 1.57+/-0.25a 0.59+/-0.05 Ben11
1999 OJ4 1.57+/-0.25a 0.34+/-0.1 Ben11
60454 2000 CH105 0.75+/-0.1 1.27+/-0.11 Ben11
2000 CL104 0.66+/-0.09 1.19+/-0.08 1.47+/-0.07 0.64+/-0.11 Ben11
134860 2000 OJ67 1.57+/-0.25a 0.55+/-0.1 Ben11
138537 2000 OK67 0.71+/-0.06 1.07+/-0.05 1.66+/-0.09 0.61+/-0.06 Ben11
2003 QA92 -0.05+/-0.03 -0.99+/-0.04 -0.22+/-0.05 Fra12
2000 QL251 0.6 +/-0.07 Ben09
a - Average F555W-F110W (2000CL104, 2000 OK67).



C. Photometric plots

Spectral plots, albedo as a function of wavelength, for all objects in the sample are presented

here. The plots are grouped by availability of photometric data and success of IRAC

observation.
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79360 Sila-Nunam (1997 CS29)
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Figure C.1: Cold classical KBOs with published K-band data. Black circles are published
photometric data. Green and red circles are IRAC observations. Arrows denote upper limits.

62



1996 TK66 

1 2 3 4 5
Wavelength (µm)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
G

eo
m

et
ric

 A
lb

ed
o

1 2 3 4 5

     

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 

 

 

 

 

 

 

Vis ref: Dor02
R  = 129 km
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Vis ref: Dor01
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average KBO pv (Sta08)
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Vis ref: Ben09
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average KBO pv (Sta08)
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Phot ref: San09
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average KBO pv (Sta08)

Figure C.2: Cold classical objects with published photometry but no K-band data. Black
circles are published photometry, grey circles are averaged photometry. Green and red circles
are IRAC observations.
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Vis ref: Osi03
R  = 89 km
pv = 0.22
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Phot ref: Dor07
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Vis ref: San09
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Vis ref: Jew07
R  = 155 km
pv = 0.088
average KBO pv (Sta08)

Figure C.3: Cold classical objects with published photometry but no K-band data,
continued. Black circles are published photometry, grey circles are averaged photometry.
Green and red circles are IRAC observations.
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Vis ref: Pei04
NIR ref: Ben11
R  = 47 km
pv = 0.13
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Vis ref: Pei04
R  = 109 km
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average KBO pv (Sta08)
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Vis ref: Gul06
R  = 133 km
pv = 0.088
average KBO pv (Sta08)
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Vis ref: Ben09
R  = 100 km
pv = 0.17
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Vis ref: Dor05
R  = 73 km
pv = 0.18

Figure C.4: Cold classical objects with some photometry available, but only upper limit
IRAC observations. Black circles are published photometry, grey circles are averaged
photometry. Green and red arrows are IRAC upper limits.
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2003 QA91 

1 2 3 4 5
Wavelength (µm)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

G
eo

m
et

ric
 A

lb
ed

o

1 2 3 4 5

     

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 

 

 

 

 

 

 

R  = 178 km
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average KBO pv (Sta08)
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pv = 0.088
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average KBO pv (Sta08)
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pv = 0.16

Figure C.5: Objects with no published photometry and only upper limit IRAC
observations. Black circles are pvfrom literature, grey circles are averaged K-band based
on average V-K color of sample. Green and red arrows are upper limit IRAC observations.
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135182 2001 QT322
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Vis ref: Bru09
R  = 97 km
pv = 0.21

Figure C.6: Cold classical object, 135182 2001 QT322 has some published photometry
but no K-band data. Black circles are published photometry, grey circles are averaged
photometry. Green and red circles are IRAC observations.
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Phot ref: Del04
R  = 281.4 km
pv = 0.088
average KBO pv (Sta08)

126154 2001 YH140
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R  = 175 km
pv = 0.08

Figure C.7: Photometric plots of objects in MMR with Neptune. 1999 CD158 is in the
7:4 resonance and 126154 2001 YH140 is in the 5:3 resonance. Black circles are published
photometry or pv, grey circles are averaged photometry. Green and red circles are IRAC
observations.
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Phot ref: Dor07
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Phot ref: DeM09
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Phot ref: Del04
R  = 200 km
pv = 0.09

145452 2005 RN43 
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Phot ref: DeM09
R  = 340 km
pv = 0.107

Figure C.8: Additional objects fitting classification scheme set forth in Petit et al. (2011).
Black circles are published data. Green and red circles are IRAC observations.
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Vis ref: Jew07
NIR ref: Tru11
H2O & CH4 filter data: Tru11
R  = 167 km
pv = 0.088
average KBO pv (Sta08)
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Vis ref: Ben09
NIR ref: Tru11
H2O & CH4 filter data: Tru11
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Phot ref: DeM09
H2O & CH4 filter data: Tru11
R  = 422 km
pv = 0.199

Figure C.9: Objects observed with custom filters described in Trujillo et al. (2011), purple
circles. J-band and transformations of the CH4 and H2O bands to K-band are plotted, black
circles at 1.25 and 2.2 µm. Data for Quaoar are shown for comparison, however JHK-band
photometry published in DeMeo et al. (2009) is plotted.
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Figure C.10: HST data from Benecchi et al. (2011). Blue circles are from HST photometry,
black circles are VIS-NIR published photometry, grey circles are averaged photometry. Red
and green circles are IRAC observations. The HST data have been scaled to the vis-NIR,
where possible.
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Figure C.11: HST data from Benecchi et al. (2009, 2011). Blue circles are HST
photometry, black circles are vis-NIR published photometry, grey circles are averaged
photometry. Red and green circles are IRAC observations. The HST data have been scaled
to the vis-NIR, where possible.
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HST ref: Fra12 
R  = 100 km
pv = 0.15

Figure C.12: HST data from Fraser and Brown (2012). Blue circles are HST photometry,
black circles are vis-NIR published photometry, grey circles are averaged photometry. Red
and green circles are IRAC observations.
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pv = 0.088

Figure C.13: HST data from Fraser and Brown (2012), continued. Blue circles are from
HST photometry, black circles are VIS-NIR published photometry, grey circles are averaged
photometry. Red and green circles are IRAC observations.
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D. Database of KBO literature

During the process of finding references for published photometry of KBOs, a large database

of references and the values therein was created. The database records many values per

object, such as classification and taxonomy, orbital parameters, photometric fluxes and

colors, binary and rotation periods, availability of vis-NIR spectra, radii, visible albedo, and

beaming parameter, along with the sources of each datum. A list of all available publications

for each objects is compiled and then collapsed into one record. The database is able to be

searched and sorted at the users discretion. The hope is this database will serve as a tool to

enhance literature reviews of KBOs, whether specifically or in groupings, for our team and

other future workers. With knowledge of a database programming language and webpage

design, this database could provide a useful resource to the entire KBO community.

The cold classical KBOs have been processed into single line entries. Other KBOs, while

all publications are collected, have not been reduced fully. More work is needed to bring

the database to a more complete level. Some references may have been missed accidentally

and typographical errors are surely present. As more papers are published, they could be

included in the database. To date, the database contains 6658 entries, 1800 objects, 203

references, and 97 parameters.
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