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Abstract
Recent dynamical analyses of the Kuiper belt have introduced a rigorous classification scheme, determined the mean orbital plane, and identified
“Core” and “Halo” populations as a function of inclination with respect to this plane (Elliot, J.L., Kern, S.D., Clancy, K.B., Gulbis, A.A.S.,
Millis, R.L., Buie, M.W., Wasserman, L.H., Chiang, E.I., Jordan, A.B., Trilling, D.E., Meech, K.J., 2005. Astron. J. 129, 1117–1162). Here,
we use new observations and existing data to investigate the colors of Kuiper belt objects (KBOs) within this framework. With respect to the
bulk KBO color distribution (all objects for which we have B–V and V –R colors; median B–R = 1.56), we find that the population of objects
classified following (Elliot, J.L., Kern, S.D., Clancy, K.B., Gulbis, A.A.S., Millis, R.L., Buie, M.W., Wasserman, L.H., Chiang, E.I., Jordan, A.B.,
Trilling, D.E., Meech, K.J., 2005. Astron. J. 129, 1117–1162) as Classical tends to be red (B–R > 1.56) while the Scattered Near population is
mostly neutral (B–R < 1.56). Colors of Scattered Extended and Resonant objects are consistent with the bulk distribution. Separating objects
into specific resonances demonstrates that the color of the Resonant sample is dominated by KBOs in the 3:2 resonance, which is consistent with
previous findings. Unlike the objects in the 3:2 resonance, however, the majority of objects in the 5:2 resonance are neutral and all but one of the
objects in the 4:3, 5:3, 7:4, 2:1, and 7:3 resonances are red. In particular, the objects in the 7:4 resonance are remarkably red. We find that the
colors of KBOs in the Core (low-inclination) and Halo (high-inclination) are statistically different, with Core objects being primarily red and Halo
objects having a slight tendency to be neutral. Notably, virtually all of the non-Resonant Core objects are red. This combination of low inclination,
unperturbed orbits and red colors in the Core may be indicative of a relic grouping of objects.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
First theorized over half a century ago (Leonard, 1930;
Edgeworth, 1949; Kuiper, 1951), the existence of a population
of objects other than Pluto and Charon beyond the orbit of Neptune was not observationally established until 1992 (Jewitt and
Luu, 1993). More than one thousand bodies (http://cfa-www.
harvard.edu/iau/lists/MPLists.html) have since been discovered
in what is now known as the Kuiper belt. Because Kuiper belt
objects (KBOs) are considered remnants of the protoplanetary
disk, studies of these bodies increase our understanding of the
formation and evolution of the outer Solar System. Grouping
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KBOs dynamically, or by their physical properties, is a way to
gain insight into the history of the region.
Traditionally, KBOs have been divided into classes based
on their orbital elements: “resonant,” objects in a dynamical resonance with Neptune; “classical,” non-Resonant objects that have low inclination and/or eccentricity; and “scattered,” non-Resonant objects with high inclination and/or eccentricity. While the designation “classical” could be interpreted as a grouping of primitive objects, it is a fairly general
term that has been inconsistently defined within the community. In particular, the boundary between “classical” and “scattered” is somewhat arbitrary (Elliot et al., 2005). An alternative
method of distinguishing objects is by their physical characteristics, through surface color measurements. Several groups
have made photometric measurements of KBOs, and the visible
color distribution ranges from neutral (solar-like) to extremely
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red (e.g., Green et al., 1997; Tegler and Romanishin, 2000;
Jewitt and Luu, 2001; Boehnhardt et al., 2001; Doressoundiram
et al., 2002; Tegler et al., 2003; Peixinho et al., 2004). The faintness of KBOs makes color observations difficult, resulting in
small-number statistics and evolving interpretations of the data.
A prime example is the reported existence of two, distinctly colored, groups of KBOs (Tegler and Romanishin, 1998; Tegler
and Romanishin, 2000; Tegler and Romanishin, 2003) that has
been drawn into question (Jewitt and Luu, 2001; Barucci et
al., 2001; Peixinho et al., 2003). Nonetheless, color patterns
have emerged. Those patterns with particular relevance to this
work are that objects on nearly circular orbits with perihelion
distances q > 40 AU have been shown to be systematically redder than the general population (Tegler and Romanishin, 2000;
Jewitt and Luu, 2001; McBride et al., 2003), and a relationship between color and inclination has been reported within the
sub-grouping of “classical” objects (Tegler and Romanishin,
2000; Trujillo and Brown, 2002; Doressoundiram et al., 2002;
McBride et al., 2003; Tegler et al., 2003; Peixinho et al., 2004).
Recent work by Elliot et al. (2005) provides a rigorous
scheme by which KBOs are classified. These classifications are
based on the behavior of orbital integrations over 10 Myr. For
each object, 107 different arguments are tested for libration,
providing unprecedented information on the occupancy of resonances. Elliot et al. (2005) also present dynamical analyses in
which the plane of the Kuiper belt is determined. There are two
distinct groupings of KBOs as a function of inclination with
respect to this plane: the “Core,” a dense concentration of objects at low inclination, and the “Halo,” a less dense population
extending to higher inclinations. Here we investigate KBO colors in the context of the results from Elliot et al. (2005), using
previously published color data and new observations from the
6.5-m Clay telescope at Las Campanas Observatory.
2. The Core of the Kuiper belt
Data from the Deep Ecliptic Survey (DES, Millis et al.,
2002; Elliot et al., 2005), a program that has discovered nearly
500 designated KBOs, have been used to determine that the
pole of the mean orbital plane of the Kuiper belt is at right ascension 273.92◦ ± 0.62◦ and declination 66.70◦ ± 0.20◦ (Elliot
et al., 2005). A plot of KBO orbital poles in right ascension–
declination coordinates (Fig. 1) shows the Core and Halo regions with respect to this pole. The Core KBOs are represented by a dense concentration in object poles located within
a few degrees of the pole of the Kuiper belt plane, beyond
which the Halo objects have a shallower, broader distribution. Although there is no distinct boundary, the unbiased inclination distribution (Figs. 18 and 20 in Elliot et al., 2005)
suggests that objects having inclinations with respect to the
Kuiper belt plane, iK , less than ∼4.6◦ constitute the Core region, while the Halo distribution extends to iK ≈ 35◦ . This
Core boundary represents all objects having inclinations less
than the full width at half-maximum of the unbiased inclination distribution divided by sin iK , rather than the more conservative Core concentration that is distinguished in Fig. 19 of
Elliot et al. (2005). The Core and Halo groupings are similar,
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Fig. 1. Orbital poles of KBOs, displayed in right ascension–declination coordinates. Poles are plotted for the 640 provisionally designated KBOs that have
errors in pole position less than 0.5◦ , using orbital elements from the Lowell
Observatory database (Buie et al., 2003) on 2005 October 14. The × represents the pole position of the measured Kuiper belt plane (RA = 273.92◦ and
Dec. = 66.70◦ , Elliot et al., 2005). There is clearly a dense grouping of “Core”
objects having poles within a few degrees of the pole of the Kuiper belt plane,
beyond which there is a shallower, broader “Halo” of objects. The black circle
encompasses objects in the Core sample, those having inclinations < 4.6◦ with
respect to the Kuiper belt plane. For reference, the pole of the invariable plane
is approximately 0.3◦ from the pole of the Kuiper belt plane, at a position angle
of 283◦ (RA = 273.85◦ and Dec. = 66.99◦ ). This figure is adapted from Elliot
et al. (2005).

but not identical to, the dynamically “hot” and “cold” populations discussed by others (e.g., Levison and Stern, 2001;
Brown, 2001).
Constraining the Core sample to be provisionally designated
KBOs having (i) errors in inclination with respect to the ecliptic  0.05◦ and (ii) inclinations with respect to the Kuiper belt
plane iK < 4.6◦ results in 307 objects. These objects were selected using the Lowell Observatory database (Buie et al., 2003)
as of 2005 October 14. We do not expect that the Core and
Halo distributions have abrupt boundaries; therefore, there may
be some object overlap between these groupings as we have defined them. Nonetheless, the Core sample contains some objects
with extreme dynamical properties: approximately 8% (24) of
the Core objects have semimajor axes a > 50 AU, 19% (58)
have orbital eccentricities e > 0.2, and 40% (122) have perihelion distances q < 40 AU. In terms of dynamical classifications,
the numbers of Classical, Scattered, and Resonant KBOs (using the criteria from Elliot et al., 2005) are 208:5:47, with the
remaining 47 objects unclassified due to errors in the orbital elements being too large.
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3. Color data
To investigate physical properties of KBOs, we turn to the
object colors. The largest compilation of published KBO color
data is the Minor Bodies of the Outer Solar System database
(MBOSS, Hainaut and Delsanti, 2002). We use the database as
of its update on 2005 September 26, when it contained both
B–V and V –R color indices for 135 objects that are considered to be KBOs by Elliot et al. (2005). These data represent
the average of individual KBO color measurements: while each
of the individual measurements is taken as part of a sequence,
the compiled colors are the result of non-simultaneous observations. Using the MBOSS database, we found that many of
the objects in the Core sample are red. To test this trend, we observed 11 KBOs in the Core region. Only 14% (44 of 307) of the
Core objects have B–V and V –R color indices in the MBOSS
database, and our observations add 9 objects to the sample. Two
of our observed objects overlap published data and serve as a
consistency check.
KBO color data were obtained with the Raymond and Beverly Sackler Magellan Instant Camera (MagIC; http://occult.
mit.edu/instrumentation/magic) on the 6.5-m Clay telescope at
Las Campanas Observatory. MagIC is a SITe 2048 × 2048
pixel CCD camera with a 0.069 arcsec pixel−1 plate scale
(2.35 × 2.35 arcmin field of view), providing excellent resolution for imaging KBOs. Data were taken during three separate
observing runs during 2004 (see dates in Table 1). The seeing
ranged from 0.4 to 2.0 arcsec, and the average seeing for the
KBO observations was 0.9 arcsec. Observations were made in
consecutive image sequences, using Sloan g  , r  , and i  filters.
As a consistency check, the sequences began and ended with
observations in r  . The Sloan filters were chosen because they
exclude strong night sky lines, the wavelength passbands do not
overlap, and their high throughput allows for efficient detection
of faint objects (Fukugita et al., 1996). Details on the exposure
sequences, including exposure times and signal-to-noise ratios,
are listed in Table 1.

To measure magnitudes, we performed aperture photometry on standard stars and KBOs using the PHOT task in the
IRAF DIGIPHOT package. While large apertures are necessary
to capture light from stars, KBOs are so faint that the background sky noise in such an aperture is sizeable relative to the
object signal. Thus we employed the technique of aperture correction (e.g., Barucci et al., 2000), where a small aperture was
applied to measure the instrumental magnitude of each KBO
and a correction was made using the ratio of the small aperture
to a large aperture for bright stars in the frame. We used the average of three bright stars in each frame for aperture correction.
The small aperture radius was selected to be a few pixels larger
than the full-width at half maximum (FWHM) of the imaged
KBOs on each night (∼13 pixel radius, 1.8 arcsec diameter)
and the large aperture radius was selected to be three times the
FWHM of the imaged standard stars (∼30 pixel radius, 4.1 arcsec diameter). The background signal was calculated from an
annulus having an inner radius four times the FWHM of the
standard stars, with a radial extent of 10 pixels. The possibility
of faint stars or galaxies in the sky background annulus was accounted for in the IRAF fitting routine by the rejection of pixels
at the 3σ -level. Extinction coefficients were derived from the
standard star observations and used to calibrate KBO magnitudes.
The errors in the calibrated KBO magnitudes were calculated for each frame by combining the instrumental errors with
the errors in the derivation of extinction coefficients:

2 + σ 2 + X 2 σ 2 + 2ρXσ σ ,
σmag = σmi
(1)
m0 k
m0
k
where σmi is the error in the instrumental KBO magnitude
(which includes photon noise from the object and sky), σk and
σm0 are errors in the extinction parameters (where k and m0
are the slope and intercept of the extinction fit, respectively), ρ
is the correlation coefficient between the extinction parameters,
and X is the airmass. The dominant source of error was σmi .
Other error sources, such as centroiding the object, variation
in the stars used for aperture correction, scintillation noise, read

Table 1
Observed Core Kuiper belt objects
Obs. date
(UT)a

Obs. filter
sequence

g

r

i

g

r

i

g
(mag)b

r
(mag)b

i
(mag)b

2001KG76
2002GP32
2002GZ31
2003FF128
88268
1999HS11
66652

1
1
1
1
1
2
3

23.71 ± 0.05
22.26 ± 0.02
23.35 ± 0.04
22.72 ± 0.04
23.48 ± 0.05
23.71 ± 0.06
22.19 ± 0.04

22.80 ± 0.03
21.74 ± 0.02
22.62 ± 0.02
21.88 ± 0.02
22.67 ± 0.03
22.78 ± 0.04
21.54 ± 0.02

22.30 ± 0.05
21.52 ± 0.02
22.11 ± 0.04
21.48 ± 0.02
22.15 ± 0.04
22.27 ± 0.05
21.10 ± 0.02

14

21

19

22.70 ± 0.02

21.97 ± 0.02

21.55 ± 0.02

4
4
5

80
60
60
60
80
180
60
60
90
240
180
180

13
25
14
25
15
11
23

1999RX215
2000QC226
2002VD131

120
60
120
60
120
240
60
60
90
240
180
180

17
33
22
28
18
13
23

3 & 4c

180
60
180
60
120
360
60
60
90
360
300
300

10
22
15
14
10
9
14

2001QY297

2r  -3i  -4g  -2r 
2r  -4i  -4g  -2r 
2r  -4i  -4g  -2r 
2r  -4i  -4g  -2r 
2r  -3i  -4g  -2r 
2r  -4i  -4g  -2r 
2r  -4i  -4g  -2r 
2r  -4i  -4g  -2r 
1r  -4i  -6g  -4r 
2r  -4i  -5g  -2r 
2r  -4i  -4g  -2r 
2r  -3i  -3g  -2r 

13
13
28

15
17
28

12
17
18

23.95 ± 0.04
23.83 ± 0.04
23.45 ± 0.02

23.15 ± 0.04
22.97 ± 0.03
22.76 ± 0.02

22.77 ± 0.05
22.47 ± 0.03
22.67 ± 0.04

Object

Exp. time (s)

Avg. SNR per frame

a Observation date key: 1–25 May 2004, 2–26 May 2004, 3–22 Aug. 2004, 4–11 Sept. 2004, 5–13 Sept. 2004.
b Filter characteristics are: g  —peak = 485 nm and FWHM = 110 nm, r  —peak = 625 nm and FWHM = 150 nm, i  —peak = 775 nm and FWHM = 140 nm.
c Represents the combination of observations made on two different dates. Details of these observations, in the format of Table 1, are: 2001QY
297 , 3,
2r  -4i  -4g  -2r  , 60, 60, 60, 12, 18, 18, 22.30±0.04, 21.90±0.03, 21.47±0.03 and 2001QY297 , 4, 1r  -4i  -6g  -4r  , 90, 90, 90, 15, 23, 20, 22.88±0.03, 22.01±0.02,

21.60 ± 0.03.
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noise, and the dark current noise, were negligible. The weighted
averages of the Sloan magnitudes and errors, over all observations for each KBO, are listed in Table 1.
For comparison with MBOSS colors, the magnitudes were
converted from the Sloan system into the Johnson–Cousins system using color transformations provided by the Sloan Digital
Sky Survey (Smith et al., 2002). However, the Smith et al.
(2002) equations for B–V and V –R depend on only two of the
Sloan colors, which forces a linear relationship between these
color indices. In order to utilize all three measured Sloan colors,
we calculated B–V (g  , r  ) and R–I (r  , i  ) following Smith et
al. (2002), then employed the polynomial relation of Caldwell
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et al. (1993) to convert R–I to V –R. We note that these transformation equations were derived from stellar data, but are currently our best method to convert between color systems.
Including our new observations, we have B–V and V –R
data for 53 of the 307 presently known objects in the Core sample. These Core objects are listed in Table 2, with their color
indices and selected orbital parameters. The errors in the color
indices for the objects we observed are the sum in quadrature of
the errors in the Sloan magnitudes used in the color conversion.
As a check of photometry, we observed two objects that have
previously published colors. For 66652, we obtained B–V =
0.87 ± 0.04 (consistent with Doressoundiram et al., 2001), and

Table 2
Core Kuiper belt objects with measured colors (in order of increasing inclination with respect to the Kuiper belt plane)
Object
2001KG76 d
2001QY297

d

Dynamical
classa

iK
(deg)b

i
(deg)c

ec

a
(AU)c

q
(AU)c

B–V
(mag)

V –R
(mag)

SE

0.02±0.32
0.02

1.55

0.34

52.0

34.1

1.12 ± 0.06

0.80 ± 0.06

CL

0.33±0.29
0.07
0.38±0.30
0.25
0.39±0.30
0.25
0.40±0.30
0.26
0.44±0.30
0.32
0.45±0.26
0.19
0.51±0.26
0.16
0.65±0.30
0.20
0.67±0.26
0.23
0.68±0.32
0.30
0.74±0.29
0.19
0.75±0.29
0.27
0.75±0.29
0.32
0.98±0.32
0.30
1.02±0.27
0.26
1.09±0.30
0.28
1.09±0.32
0.28
1.11±0.28
0.23
1.14±0.29
0.28
1.23±0.23
0.25
1.30±0.32
0.28
1.33±0.28
0.27
1.34±0.32
0.30
1.42±0.30
0.32
1.52±0.23
0.23
1.72±0.25
0.28
1.73±0.23
0.23
1.80±0.25
0.25
1.82±0.30
0.30
1.87±0.27
0.30
1.89±0.28
0.32
2.01±0.32
0.28
2.07±0.29
0.29
2.12±0.32
0.30

1.55

0.09

43.8

40.0

0.94 ± 0.03

0.73 ± 0.03

1.91

0.22

39.8

31.0

1.05 ± 0.04

0.71 ± 0.03

1.19

0.03

43.5

42.1

1.10 ± 0.08

0.63 ± 0.07

1.18

0.03

43.7

42.3

1.09 ± 0.04

0.64 ± 0.02

1.89

0.02

42.7

41.9

1.03 ± 0.06

0.81 ± 0.05

1.11

0.02

42.7

41.8

1.05 ± 0.06

0.67 ± 0.05

1.65

0.13

46.5

40.5

1.00 ± 0.21

0.65 ± 0.19

1.49

0.04

42.7

41.2

1.01 ± 0.06

0.66 ± 0.06

0.89

0.14

46.8

40.2

1.02 ± 0.05

0.69 ± 0.06

1.05

0.24

50.8

38.4

0.94 ± 0.04

0.81 ± 0.05

1.56

0.43

56.0

32.0

0.72 ± 0.03

0.47 ± 0.03

0.85

0.06

44.9

42.2

0.90 ± 0.03

0.31 ± 0.04

2.08

0.12

46.0

40.5

1.14 ± 0.14

0.60 ± 0.10

0.92

0.04

43.2

41.3

1.09 ± 0.05

0.70 ± 0.05

0.56

0.09

43.7

39.8

0.87 ± 0.04

0.74 ± 0.03

2.60

0.02

44.4

43.4

1.15 ± 0.07

0.81 ± 0.06

1.24

0.08

44.7

41.2

1.22 ± 0.17

0.66 ± 0.12

2.66

0.05

44.0

41.7

1.08 ± 0.05

0.80 ± 0.04

0.54

0.06

44.6

41.9

0.93 ± 0.09

0.62 ± 0.05

2.15

0.04

45.2

43.3

1.10 ± 0.24

0.57 ± 0.16

1.35

0.11

44.9

40.0

1.00 ± 0.13

0.70 ± 0.07

0.37

0.06

44.4

41.6

1.36 ± 0.16

0.67 ± 0.23

1.06

0.12

46.1

40.7

0.71 ± 0.15

0.94 ± 0.15

2.74

0.09

44.1

40.0

0.90 ± 0.19

0.88 ± 0.26

2.25

0.12

39.7

35.0

1.12 ± 0.05

0.64 ± 0.05

2.66

0.07

44.9

41.9

1.03 ± 0.11

0.67 ± 0.08

2.39

0.05

43.6

41.3

1.11 ± 0.03

0.71 ± 0.03

0.24

0.23

52.2

40.0

0.83 ± 0.19

0.55 ± 0.16

3.30

0.04

44.0

42.2

0.92 ± 0.12

0.53 ± 0.10

2.90

0.12

45.5

39.9

0.99 ± 0.13

0.73 ± 0.12

3.04

0.25

39.2

29.3

0.93 ± 0.06

0.57 ± 0.05

1.65

0.04

43.2

41.6

1.17 ± 0.17

0.57 ± 0.13

0.79

0.05

43.3

41.1

1.04 ± 0.11

0.58 ± 0.08

1.52

0.04

38.9

37.4

0.77 ± 0.01
0.50 ± 0.03
(continued on next page)

2003FF128 d

3:2e

85633

CL

1998KS65

CL

88268d

CL

2000OJ67

CL

1995WY2

CL

19255

CL

1999RX215 d

CL

2002GZ3 d
2002GP32 d,e
2002VD131 d,e

SE

1999OM4

CL

1998WX24

CL

66652d

CL

1999HS11 d

CL

2000CL104

CL

2000QC226

d

5:2e3
CL

CL

52747e

CL

1999OE4

CL

1999RE215

CL

53311

CL

1994ES2

CL

1999CM119

CL

2001KD77

3:2e

66452

CL

24978

CL

48639e

SE

1999HR11 e

CL

58534

CL

33340e

3:2e

1994EV3

CL

1998KG62

CL

1998WV24 e

CL
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Table 2 (continued)
Object

Dynamical
classa

iK
(deg)b

i
(deg)c

ec

a
(AU)c

q
(AU)c

B–V
(mag)

V –R
(mag)

2000FS53

CL

2.15±0.31
0.25

2.08

0.04

43.4

41.7

1.09 ± 0.11

0.70 ± 0.08

1999CO153

CL

2.36±0.24
0.25

0.80

0.09

43.9

40.0

1.03 ± 0.10

0.91 ± 0.13

33001

CL

2.41±0.32
0.30

1.45

0.04

43.6

41.9

1.13 ± 0.11

0.65 ± 0.06

60454

CL

2.53±0.29
0.29

1.16

0.09

44.6

40.7

1.02 ± 0.09

0.68 ± 0.06

1996TK66

CL

3.32

0.02

42.5

41.8

0.99 ± 0.06

0.68 ± 0.07

2000CL105 e

CL

4.18

0.04

43.2

41.3

1.11 ± 0.08

0.41 ± 0.12

15788e

3:2e

1.94

0.32

39.2

26.7

0.80 ± 0.07

0.48 ± 0.08

1999OJ4

CL

4.00

0.02

38.0

37.1

1.10 ± 0.16

0.67 ± 0.07

1999HV11

CL

3.15

0.02

43.2

42.3

1.11 ± 0.06

0.59 ± 0.02

15760e

CL

2.19

0.07

43.7

40.9

0.84 ± 0.15

0.71 ± 0.10

15810

3:2e

3.81

0.12

39.5

34.7

1.01 ± 0.18

0.66 ± 0.12

80806

CL

3.76

0.06

42.3

39.6

1.14 ± 0.23

0.84 ± 0.33

2001KP77

7:4e3

3.31

0.18

43.9

36.0

1.54 ± 0.24

0.70 ± 0.12

1999HT11

7:4e3

5.05

0.12

44.0

38.9

1.14 ± 0.14

0.69 ± 0.17

16684

CL

3.73

0.05

44.4

42.0

1.13 ± 0.07

0.74 ± 0.10

1993ROe

3:2e

3.72

0.19

39.0

31.5

0.93 ± 0.16

0.58 ± 0.13

79360

CL

2.24

0.01

44.0

43.3

1.05 ± 0.08

0.67 ± 0.05

1999CJ119

CL

2.66±0.22
0.26
2.72±0.30
0.30
2.73±0.32
0.30
2.78±0.30
0.32
2.84±0.25
0.21
2.85±0.32
0.29
2.99±0.25
0.29
3.02±0.24
0.28
3.27±0.28
0.21
3.52±0.28
0.27
3.55±0.26
0.20
3.61±0.27
0.20
3.70±0.28
0.29
4.55±0.30
0.30

3.20

0.07

45.5

42.3

1.38 ± 0.18

0.69 ± 0.28

a Classification based on the system described in Elliot et al. (2005): Classical—CL, Scattered Extended—SE, Resonant—(3:2e, 7:4e3 , and 5:2e3 ).
b Errors in inclination with respect to the Kuiper belt plane are dominated by the error in the measured pole of the plane (as listed in Table 13, Elliot et al., 2005).
c Orbital elements are from the Lowell Observatory database (Buie et al., 2003) on 2005 October 14. The errors on i, e, a, and q are smaller than the least

significant digit, with the exception of object 1999CM119 which has σi = 0.01, σe = 0.10, and σq ≈ σa = 0.8.
d Objects with colors measured in this work. Details of the observations and the measured Sloan magnitudes are listed in Table 1. Color indices for objects without
this superscript were obtained from http://www.sc.eso.org/~MBOSS, as of its update on 2005 September 26.
e Neutral objects, with B–R < 1.56.

V –R = 0.74 ± 0.04 (consistent with Delsanti et al., 2001). For
1999HS11 , we obtained B–V = 1.15 ± 0.07 (consistent with
Doressoundiram et al., 2001; Tegler and Romanishin, 2003;
Peixinho et al., 2004), and V –R = 0.81 ± 0.06 (consistent with
Doressoundiram et al., 2001; inconsistent with Tegler and Romanishin, 2003, by 0.09 mag; inconsistent with Peixinho et al.,
2004, by 0.18 mag).
4. Analysis
A color–color plot for all KBOs with B–V and V –R values
(comprised of the MBOSS database and this work) is shown
in Fig. 2a. Error bars are not plotted for visual clarity. The
objects are distinguished by dynamical classification, as determined following Elliot et al. (2005). We use the median of the
objects in this plot (B–R = 1.56) to differentiate KBOs into two
color groupings: red (B–R > 1.56) and neutral (B–R < 1.56).
We select the median as our color boundary because it is a more
robust estimator of the central value of the distribution than the
mean. A few trends are apparent in Fig. 2a: (i) Classical objects are generally red, (ii) Scattered Near objects are generally
neutral, and (iii) Scattered Extended and Resonant objects are
fairly evenly distributed across the range of colors.
In Fig. 2b, the Resonant objects are plotted exclusively, with
distinct resonances denoted by different plot symbols. From this
figure, we see that the 3:2 objects constitute the majority of Res-

onant objects for which we have colors. Thus the range of KBO
colors in the 3:2 resonance dominates the group characteristic.
Objects in the 5:2 resonance tend to be neutral, while objects in
all other resonances (excluding the 3:2) tend to be red. In particular, one of the two objects in the 7:4 resonance is the reddest
KBO for which we have B–V and V –R color indices.
A color–color plot of the Core objects is shown in Fig. 3a.
Dynamical classifications of these objects are represented by
the same symbols as Fig. 2a. Open boxes encompass the data
points for KBOs with colors measured in this work, while all
other colors are from the MBOSS database. The diagonal line
demarks the color boundary between red and neutral objects.
In Fig. 3a, it is clear that the majority of the Core objects are
red. Displaying the error bars causes the plot to be somewhat
cluttered, but they are necessary to illustrate the rather large
uncertainties on some KBO color indices
To further investigate the trend seen in Fig. 3a of the Core
objects being red, we reduce ambiguity near the color boundary by selecting the subset of Core objects with B–V and V –R
color index errors less than 0.1 mag. In addition, it is possible
that the compositions and environmental histories of Resonant
objects differ from the other KBOs, since they formed in the inner part of the Kuiper belt and were subsequently captured into
resonances by Neptune as it migrated outward (Malhotra, 1996;
Jewitt and Luu, 2001). The resonance sweeping process could
have affected the colors of the Resonant objects; therefore, we
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(b)

Fig. 2. Color–color plots of KBOs, distinguished by dynamical class. The data represent objects having B–V and V –R color indices from this work and in the
MBOSS database (Hainaut and Delsanti, 2002). For clarity, error bars are not plotted and the color of the Sun is plotted as an open star. (a) Colors of all objects,
with different symbols distinguishing between the four dynamical classifications from Elliot et al. (2005). The median B–R for these objects is 1.56. With respect
to the overall sample, Classical objects tend to be red (B–R > 1.56), Scattered Near objects tend to be neutral (B–R < 1.56), and Scattered Extended and Resonant
objects are fairly evenly distributed (see Table 3 for quantification). (b) Colors of the Resonant objects from (a), with symbols distinguishing different resonances.
Objects in the 3:2 resonance have colors spanning those of all KBOs, while the objects in the 5:2 resonance are primarily neutral. In the remaining resonances, the
objects are predominantly red. One of the two objects in the 7:4 resonance is remarkably red relative to all other KBOs.

choose to focus on objects that are non-Resonant. A color–color
plot for this refined subset, the non-Resonant Core objects with
low color error, is shown in Fig. 3b. The overwhelming majority
of these objects are red.
While Figs. 2 and 3 provide visual representation of KBO
colors as a function of dynamical grouping, we require statistical methods to determine the significance of the observed
trends. All of the dynamical samples represented in these plots
are listed in Table 3, and we have included the Halo (iK > 4.6◦ )
as an additional grouping. First, we calculate the mean and median B–R for each sample, the standard deviation of the mean,
and the percent of objects that are red and neutral (relative to the
median B–R of All objects). The mean B–R values for many
samples, particularly Classical, Scattered Near, non-Resonant
subsets of the Core and Halo, and some of the resonances, are a
significant number of standard deviations from the mean B–R
of All objects. This comparison draws attention to the samples
that may be distinctive, but it does not say anything about color
distribution or statistical significance.
Next, we look at the percentages of red and neutral objects in each sample to provide a numerical basis for the color
trends seen in Figs. 2 and 3: 76% of Classical objects are red,
88% of Scattered Near objects are neutral, 79% of Core objects are red, and 86% of non-Resonant, low-color-error Core
objects are red. The highest percentage of red KBOs (for samples containing >2 objects) is found in the grouping of nonResonant, low-color-error Core objects, which are shown in
Fig. 3b. These percentages provide a rough characterization of
the color distributions, but they still do not represent the statistical significance of the groupings.
We can begin to gain an understanding of the significance
of the color differences by comparing the mean B–R for each
sample to that of a complementary sample, using Student’s
t-test (Press et al., 1992). For most samples, the complementary
grouping is the remaining KBOs; however, subsets of samples

must be compared to subsets of the remaining objects. Thus
the samples for specific resonances are compared to all other
Resonant objects, the non-Resonant subset of the Core is compared to the Halo, and the non-Resonant subset of the Halo
is compared to the Core. For completeness, we also compare
the non-Resonant Core to the non-Resonant Halo. Although we
use the median B–R to discriminate between colors, Student’s
t -test employs the mean as a first-order measurement of the difference between the samples. This test returns the probability
that t (a measure of the standard error of the difference of the
means) could be equal to or larger than the observed value by
chance, for distributions with equal means. Small probabilities
imply that the observed difference between the means is significant. Based on the results of an F -test, we use the unequal
variance version of Student’s t -test for the samples Classical,
3:2, 2:1, 5:2, Core, Halo, and the non-Resonant subsets of the
Core and Halo (Press et al., 1992). Assuming a two-tailed probability distribution, the t -test probabilities for each of our dynamical samples are listed in Table 3. The samples having a
significantly different mean B–R from the remaining KBOs (to
the >99.99% significance level) are Classical, Scattered Near,
Core, Halo, and the non-Resonant, low-color-error subsets of
the Core and Halo.
Since the comparisons in this test are being made between
each sample and a complementary group of the remaining
KBOs, significance levels are identical for samples that form
the entire set when combined: Core and Halo, Resonant and
non-Resonant. This correlation reveals one of the difficulties
in determining the significance of the colors in each dynamical sample. If the comparison sample contains a grouping of
objects having unusual colors, it can skew the results. Nonetheless, until we have determined specific color groupings and
provided adequate reasons for their elimination from comparison samples, this method is the most straightforward.
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(a)

(b)
Fig. 3. Color–color plots of Core KBOs (iK < 4.6◦ ). Classes are distinguished by the same symbols as Fig. 2a. Data points for objects observed in this work are
encompassed by open squares to distinguish them from MBOSS data (Hainaut and Delsanti, 2002). For reference, the color of the Sun is plotted as an open star.
The white regions of the plots contain red objects (B–R > 1.56) and the shaded regions contain neutral objects (B–R < 1.56). (a) Color indices with error bars for
all KBOs in the Core. These objects are predominantly red, with 42 out of 53 objects having B–R > 1.56. (b) A subset of the data shown in (a), excluding Resonant
KBOs and objects having B–V or V –R error greater than 0.1 mag. The objects in this subset form a distinctive red cluster, with just a few outliers. The two objects
having colors well outside of the cluster are both Classical: 1998WV24 and 2002VD131 .

Student’s t -test assumes that the samples are normally distributed, which is not necessarily the case for the colors of
KBOs with respect to their dynamical groupings. Thus we also
employ the Kolmogorov–Smirnov (K–S) test, which makes no
assumptions about the distribution of each sample (Press et al.,
1992). The 1-D K–S test determines if two samples are significantly different by evaluating the probability that a random
distribution would result in a larger difference between the samples than that observed. To perform the K–S test, we compare
the piecewise continuous functions of the cumulative B–R distribution for each sample and its complementary grouping. The

results of the K–S test are listed in Table 3. This test is particularly useful because it quantifies the significance of the colors
of objects in specific resonances, even though these samples
tend to be very small. Specific resonances in which objects exhibit the greatest color difference from the remaining Resonant
objects are the 3:2, 7:4 and 5:2 (significance levels of 98.7%,
97.1%, and 96.3%, respectively). The K–S test also confirms
that the samples identified by the Student’s t -test have significantly different distributions (>99.99% significance level)
than the objects to which they are being compared. The differences in the color distributions for these samples are apparent
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Table 3
Kuiper belt object colors by dynamical grouping
Samplea

No.
KBOs

Median
B–R
(mag)

Mean
B–R
(mag)

Standard
deviation of
mean, σ
(mag)

Red percent
of sample
B–R > 1.56

Neutral
percent of
sample
B–R < 1.56

% Sig. level
from Student’s
t-testb
(1 − A(t | ν))

% Sig. level
from K–S testc
(D)

All
Classical
Scattered Near
Scattered Extended
All Non-Resonant
Resonant
4:3d
3:2
5:3d
7:4
2:1
7:3d
5:2
Core (iK < 4.6◦ )
Non-Res. Coree

144
58
34
8
101
43
1
29
1
2
3
1
6
53
21

1.56
1.70
1.25
1.57
1.59
1.51
1.86
1.50
1.64
2.03
1.65
1.93
1.33
1.72
1.72

1.54
1.68
1.31
1.57
1.55
1.51
1.86
1.47
1.64
2.03
1.62
1.93
1.35
1.70
1.70

0.02
0.02
0.04
0.08
0.03
0.04
–
0.05
–
0.20
0.11
–
0.06
0.03
0.04

50%
76%
12%
63%
53%
42%
100%
45%
100%
100%
67%
100%
17%
79%
86%

50%
24%
88%
38%
47%
58%
0%
55%
0%
0%
33%
0%
83%
21%
14%

Halo (iK > 4.6◦ )
Non-Res. Haloe

91
36

1.42
1.35

1.44
1.38

0.03
0.04

34%
28%

66%
72%

–
>99.99 (1 × 10−9 )
>99.99 (1 × 10−9 )
26.4 (0.74)
50.7 (0.49)
50.7 (0.49)
–
87.4 (0.13)
–
99.6 (4 × 10−3 )
59.7 (0.40)
–
97.4 (0.03)
>99.99 (3×10−10 )
>99.99 (3 × 10−6 )
>99.99 (2 × 10−6 )f
>99.99 (3×10−10 )
>99.99 (4 × 10−8 )
>99.99 (2 × 10−6 )f

–
>99.99 (0.50)
>99.99 (0.55)
41.4 (0.26)
99.3 (0.17)
82.6 (0.17)
85.3 (0.93)
98.7 (0.29)
34.3 (0.60)
97.1 (0.90)
55.27 (0.45)
88.8 (0.98)
96.3 (0.54)
>99.99 (0.55)
>99.99 (0.61)
>99.99 (0.67)f
>99.99 (0.55)
>99.99 (0.62)
>99.99 (0.67)f

a Samples contain KBOs for which there are B–V and V –R colors in this work or the MBOSS database. Classifications are based on the system described in
Elliot et al. (2005).
b The significance of the variation between the mean B–R of each sample and that of the remaining KBOs, using a two-tailed Student’s t -test for samples of
unequal variance (Press et al., 1992). For resonant subsamples, the comparison is relative to the other Resonant objects. For the non-Resonant subsamples of the
Core and Halo, the comparison is relative to the Halo and Core, respectively. Values in parentheses are the probability of obtaining a t -value equal to or larger than
that of the sample by chance, thus low numbers (<0.05) indicate that the means of the samples are significantly different.
c The significance of the variation between the cumulative distribution functions of B–R for each sample and that of the remaining KBOs, using a Kolmogorov–
Smirnov test (Press et al., 1992). For the Resonant subsamples, the comparison is relative to the other Resonant objects. For the non-Resonant subsamples of the
Core and Halo, the comparison is relative to the Halo and Core, respectively. Values in parentheses are D, the absolute value of the maximum difference between
the cumulative distribution functions.
d Denotes samples that contain too few objects for all of the statistical analyses.
e These samples are also limited to objects with B–V and V –R color index errors < 0.1 mag.
f The significance of the statistical variation between the sample and the non-Resonant, low-color error subset of the complementary sample: non-Resonant Core
is compared to non-Resonant Halo and vice versa.

in Fig. 4, which shows the cumulative distributions of B–R
for All, Classical, Scattered Near, and the non-Resonant, lowcolor-error subsets of the Core and Halo. The color distributions
are the most extreme for the samples of Scattered Near (very
neutral) and non-Resonant, low-color-error Core (very red).
5. Discussion and conclusions
We find that objects classified as Classical and Scattered
Near (using the classification scheme of Elliot et al., 2005)
have significant correlation with color. Classical objects tend to
be red (76%), while Scattered Near objects are predominantly
neutral (88%). Of the dynamical groupings we investigated, the
Scattered Near objects contain the highest percentage of neutral
bodies.
Analysis of the colors of Resonant objects is limited by
small number statistics. However, the trends we observe warrant further investigation. Like previous studies (e.g., Trujillo
and Brown, 2002; Peixinho et al., 2004), we find that objects
classified as being in the 3:2 resonance span the full range of
KBO colors. However, this distribution contrasts with the neutral colors of the 5:2 objects and the redness of the objects in

the other resonances. The objects in the 7:4 resonance are remarkably red, with 2001KP77 being the reddest for which we
have colors, B–R = 2.24 ± 0.27 (2.5σ redder than the median B–R of All KBOs). Further exploration of the relationships between color and resonance occupation can shed light
on the history of these objects, including testing origin theories of capture, collision, or accretion (Chiang et al., 2003;
Chiang and Lithwick, 2005).
We also find that the groupings based on inclination with
respect to the Kuiper belt plane, the Core and Halo, are significantly correlated with color. The majority of the Core objects are red (79%) while the Halo objects are slightly more
likely to be neutral (66%). When the Core and Halo samples
are refined to include only non-Resonant objects with errors
in B–V and V –R less than 0.1 mag, the dominant colors of
each grouping are even more pronounced. In particular, the nonResonant, low-color-error Core sample has the highest concentration of red objects (of samples we examined containing >2
objects; 86%).
We do not yet know whether the KBO inclination distribution is continuous or consists of two (or more) discrete populations. Our definitions of Core and Halo assume that there are
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Fig. 4. Cumulative color distributions for select KBO dynamical samples. This plot shows the fraction of objects (from 0 to 1) as a function of increasing B–R
for the samples listed in Table 3 that have distinctive color trends. Samples shown are All (for comparison), Classical, Scattered Near, and the non-Resonant,
low-color-error subsets of the Core and Halo. Cumulative distributions for the full Core and Halo samples are similar to, but less deviant from the bulk distribution
than, these subsets and have not been displayed for clarity. The solid line demarks the red/neutral color boundary. This plot highlights the color trends discussed
in the text: the sample of Classical objects tends to be red and the non-Resonant Halo objects tend to be neutral. Of the samples tested, the most extreme color
distributions are those of Scattered Near (predominantly neutral) and non-Resonant Core (predominantly red).

two distributions, with no overlap. However, it is more likely
that there is no abrupt boundary between these populations. We
thus envision that the tails of the Core and Halo may intersect,
or that the distributions may even overlie one another. In either
case, some objects that we have defined as being in the Core
may be more appropriately grouped with the Halo (and vice
versa).
We do not yet have a method to distinguish which objects
meeting our Core criteria could be part of the Halo. However,
using the set of objects from the inclination distribution in Elliot
et al. (2005), we find that the densities of non-Resonant KBO
orbital poles in an unbiased sample of objects are 2.17 deg−2
in the Core and 0.23 deg−2 in the densest subset of the Halo
(4.6◦ < iK < 9.2◦ ). Assuming that the Halo is a separate population, which is continuous and underlies the Core, approximately 2 of the 21 non-Resonant Core objects with low color
errors shown in Fig. 3b, could be from the Halo. Approximately
72% of these are expected to be neutral in color (Table 3).
Therefore, the two clearly neutral objects in the non-Resonant,
low-color-error Core sample (Fig. 3b) may be from the Halo.
There is a third object in the shaded portion of Fig. 3b, which
lies just on the neutral side of our defined color boundary, at
B–R = 1.55. Further refinement of the error bars on this object,
and the choice of color boundary, are required to determine if
this object should be considered neutral or red. By taking into
consideration the possible overlap between the Core and Halo,
we conclude that virtually all of the non-Resonant objects in the
Core are red.
While the Core sample is similar to previously noted groupings of red KBOs (Tegler and Romanishin, 2000; Jewitt and
Luu, 2001; Trujillo and Brown, 2002; McBride et al., 2003), it
has slight, but notable, distinctions: the Core contains objects
with q < 40 AU and is not limited to objects classified as “clas-

sical.” Since Classical objects are the primary constituents of
the Core (77% of all Core objects and 90% of non-Resonant,
low-color-error Core objects), it follows that Classical Core
objects are primarily red (85%). However, the few neutral objects in the non-Resonant, low-color-error subset of the Core
(Fig. 3b) are (i) Classical and (ii) have orbital parameters well
below the inclination and eccentricity boundaries used for classification. This pattern of neutral Core objects being Classical
could be a statistical effect, due to the predominance of Classical objects in the sample. Alternatively, these objects may
represent yet another grouping of objects that has distinctive
characteristics.
Interestingly, our dynamically-defined Core sample is most
similar to the grouping found by Peixinho et al. (2004) solely
from color analysis. By measuring the inclination cutoff below
which the color variance was smaller than that above, Peixinho
et al. (2004) noted a red cluster of classical objects having
inclination < 4.5◦ (where “classical” is defined as objects in
“quasi-circular orbits with semi-major axis between 35 and 48
AU”). While not explicitly stated, we assume their KBO inclinations are with respect to the ecliptic, which is a difference
of up to 1.56◦ from inclinations referenced to the Kuiper belt
plane. Nonetheless, it is noteworthy that the Peixinho et al.
(2004) cutoff is similar to our inclination boundary of iK <
4.6◦ . We think that our characterization of the Core serves to
more precisely define this red grouping, since (i) we do not restrict the objects by dynamical classification, (ii) our analysis
is with respect to the Kuiper belt plane, and (iii) the inclination
limit by which we define the Core is based on fits to the full
KBO inclination distribution (Elliot et al., 2005), rather than
those objects with measured colors.
We present two explanations for the predominant redness
of the Core KBOs. First, objects in the Core may have inher-
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ently different surface compositions from objects in the Halo.
However, there is no clear reason why these objects should
have different compositions or how they would have maintained
this difference throughout their history. A second explanation
for the redness of the Core objects is that they may represent
a particularly unperturbed, relic grouping. KBO colors have
been modeled as the balance between reddening processes,
such as surface irradiation, and “bluing” processes like collisional resurfacing and cometary activity (Jewitt and Luu, 2001;
Luu and Jewitt, 1996; Delsanti et al., 2004). In this view, objects with low inclinations may appear redder because they
formed farther out in the Solar System, remained relatively
unperturbed by Neptune, and were able to retain an irradiated crust (Trujillo and Brown, 2002; Tegler et al., 2003;
Gomes, 2003). In contrast, KBOs that have undergone collisions have younger, more neutral materials on the surface.
Some models, however, predict no correlation between inclination and color (Delsanti et al., 2004), implying that additional
color factors may be at work.
Since we currently have B–V and V –R colors for less than
15% of provisionally designated KBOs, the shapes of the color
distributions for our dynamical samples could change with additional data. Analysis of the colors of the Resonant objects will
particularly benefit from larger-number statistics. Future observations will also be able to place more stringent constraints on
the distinctions between the Core and Halo and help clarify the
relationship between Core membership and red color.
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