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ABSTRACT
While for the first decade of the study of the Kuiper belt, a gap existed
between the sizes of the relatively small and faint Kuiper belt objects (KBOs)
that were being studied and the largest known KBO, Pluto, recent years have
seen that gap filled and the maximum size even expanded. These large KBOs
occupy all dynamical classes of the Kuiper belt with the exception of the cold
classical population, and one large object, Sedna, is the first member of a new
more distant population beyond the Kuiper belt. Like Pluto, most of the large
KBOs are sufficiently bright for detailed physical study, and, like Pluto, most
of the large KBOs have unique dynamical and physical histories that can be
gleaned from these observations. The four largest known KBOs contain surfaces
dominated in methane, but the details of the surface characteristics differ on
each body. One large KBO is the parent body of a giant impact which has
strewn multiple fragments throughout the Kuiper belt. The large KBOs have
a significantly larger satellite fraction than the remainder of the Kuiper belt,
including the only known multiple satellite systems and the relatively smallest
satellites known. Based on the completeness of the current surveys, it appears
that ∼3 more KBOs of the same size range likely still await discovery, but that
tens to hundreds more exist in the more distant region where Sedna currently
resides.

1.

square degrees of sky to a limiting magnitude of
R∼20.5 (Figure 1). This survey has uncovered
most of the known large KBOs (i.e Trujillo and
Brown 2003; Brown et al. 2004, 2005b). A total of
71 objects beyond 30 AU have been detected, of
which 21 were previously known (or have been independently discovered subsequently). Recovery
of objects is still underway to define the dynamics
of the large objects; to date 54 of the 71 objects
have secure orbits.
This survey for the largest Kuiper belt objects serves both as a search for individual objects
bright enough for detailed study and also as the
first modern wide-field survey of the outer solar
system to more fully define the dynamical properties of the entire region. In this chapter we will
first survey the dynamical properties of the largest
KBOs and compare them to the population as a
whole, then we will examine the largest individual

Introduction

While once Pluto appeared as a unique object
in the far reaches of the solar system, the discovery of the Kuiper belt caused the immediate realization that Pluto is a member of a much larger
population. But while Pluto’s orbit makes it a
typical member of Kuiper belt population dynamically, Pluto itself has still remained special as one
of the few trans-Neptunian objects bright enough
for detailed studies. Much of what we understand
of the composition, density, and history of objects
in the Kuiper belt ultimately derives from detailed
studies of Pluto.
Recently, however, surveys of the Kuiper belt
began to discover Kuiper belt objects (KBOs) of
comparable and now even larger size than Pluto.
The largest survey to date has used the 48-inch
Palomar Schmidt telescope to cover almost 20,000
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KBOs, and finally we will review the bulk properties of these largest objects, summarized in Table
1.
2.
2.1.

magnitude of -1.2. The difference in maximum
brightness and presumably maximum size between
the cold classical and the excited populations is
vast.
This difference in maximum size places a powerful constraint on the dynamical rearrangement
of the outer solar system. No dynamical process
can preferentially damp the inclinations of only
the small KBOs nor preferentially excite the inclinations of only large KBOs, so the high and low
inclination populations must have either formed
at different times or in different places. A current working hypothesis for the larger sizes of the
high inclination population was suggested by Levison and Stern (2001) and examined in detail by
Gomes (2003). They noted that the difference in
size distribution can be explained if the largest objects formed in the solar nebula closer to the sun
where nebular densities were higher and growth
times were faster and that the objects closer to
the sun suffered more extreme scattering by Neptune and thus acquired higher inclinations. Other
forces may be at play, however, and a fully convincing explanation remains elusive.
A survey of the largest Kuiper belt objects,
then, is only a survey of the excited populations
of the Kuiper belt. With this caveat, we can
now examine the spatial distribution of the largest
Kuiper belt objects. Figure 2 shows the latitudinal distribution, corrected for coverage completeness, of the KBOs from our survey. The prominent
peaks around 10 degrees north and south ecliptic
latitude cannot be modeled with any simple inclination distribution of objects in circular orbits.
Even if all objects in the sky had inclinations of 10
degrees or higher, more objects would appear at
lower latitudes than are seen in the survey. While
such a latitudinal distribution is impossible for objects with circular or even randomly oriented orbits, many of the objects are consistent with being resonant objects and thus can have preferential orientations in the sky. Pluto, for example, as
well as many other KBOs in 3:2 resonance with
Neptune, comes to perihelion near its maximum
excursion above the ecliptic. This effect will cause
a magnitude-limited survey to preferentially detect resonant objects at large distances above the
ecliptic. A full examination of this effect awaits
full dynamical characterization of the survey population, but from the preliminary data it appears

Population properties of the largest
KBOs
Dynamical distribution

As first noticed by Levison and Stern (2001),
KBOs brighter than an absolute magnitude of
about 6.0 are distributed with a much broader inclination distribution than those fainter. Physically this trend is better stated that the low inclination population is missing the largest objects
(or at least the brightest objects) that are found
in the high inclination population. This effect is
easily visible in a simple plot of inclination versus absolute magnitude, but such a direct comparison of simple discovery statistics is thoroughly
biased by the fact that most surveys for fainter
KBOs have been restricted much more closely to
the ecliptic and thus preferentially find low inclination objects.
One method for examining a population relatively unbiased by differences in latitudinal coverage of surveys is to consider only objects detected
at a restricted range of latitudes. In such debiased
examinations, no statistically significant difference
can be discerned between the size distribution of
the high and low inclination populations. From
the discovery statistics alone no definitive indication exists that the populations differ. The question must be addressed with actual measurements
of sky densities of KBOs of different brightnesses
rather than simple discovery statistics.
Fortunately, the Palomar survey for large KBOs
is complete for low inclinations (with the exception
of the galactic plane), so we now know that there
are no objects brighter than absolute magnitude
4.5 in the low inclination population (or, more pertinently, in the cold classical region of the Kuiper
belt, defined by Morbidelli and Brown (2005) as
the dynamically and physically distinct subpopulation of classical KBOs with uniquely uniform
red colors and inclinations lower than about 4 degrees), while in the excited population (defined as
the resonant, scattered, and hot classical population) 29 objects brighter than that absolute magnitude are currently known to exist, with the current brightest (Eris) known having an absolute
2

that resonances are likely able to explain these
high latitude concentrations. If true, the high latitude concentrations are not likely a characteristic
of the largest KBOs, but a general property of the
high inclination Kuiper belt which has not been
adequately surveyed until now. The resonant population may be significantly more populated than
low latitude surveys have indicated.
2.2.

helion, suggesting that the total number of Sednasized or larger objects in the distant population is
between about 40 and 120. The total number of
Sedna-sized or larger objects in the Kuiper belt is
∼ 5 − 8. If the distant population has the same
size distribution as the Kuiper belt – which seems
likely given that the Kuiper belt is the most likely
source region for this population – this number
of Sedna-sized objects suggests a total mass at
least an order of magnitude higher than that in
the Kuiper belt.

Beyond the Kuiper belt

Among the large objects detected, one appears
dynamically distinct from the entire Kuiper belt
population. Sedna has a perihelion well beyond
the main concentration of KBOs and an extreme
eccentric orbit with a aphelion around 900 AU
(Brown et al. 2004). Though the discovery of
Sedna presages a large population in this distant region beyond the Kuiper belt, no surveys
for fainter objects have yet succeeded in detecting
such distant objects. While some bias against the
slow motions of these objects presumably exists
in the main KBO surveys, it is also possible that
Sedna has an albedo higher than the more numerous smaller members of the population. Sedna
could be thus, like Pluto, an atypically bright
member of its population which allows us to detect it much more easily than would have been
otherwise possible.
Sedna exists in a dynamical region of the solar
system that was not expected to be occupied. It
has been proposed to be part of a fossilized inner
Oort cloud (Brown et al. 2004; Brasser et al. 2006),
a product of a single anomalous stellar encounter
(Morbidelli and Levison 2004), an object captured
from a passing star (Kenyon and Bromley 2004),
a consequence of scattering by now ejected Kuiper
belt planets (Gladman and Chan 2006), a signature of perturbation by a distant massive planet
(Gomes et al. 2006) and others. Each of these
processes creates a dynamically unique population in this region beyond the Kuiper belt. Finding even a handful more of these distant objects
should give powerful insights into some of the earliest processes operating at the beginning of the
solar system.
This distant population could be significantly
more massive than that of the Kuiper belt. Sedna
is currently near perihelion of its 11,000 yr orbit.
It would have been detected in the Palomar survey
only during a ∼150 year period surrounding peri-

2.3.

Size distribution

A finite discrete population which generally follows a power-law size distribution cannot maintain
this distribution at the largest sizes. Early surveys
of the Kuiper belt expected that for the brightest
objects the number of detections would fall significantly below the power-law prediction. Figure
3 shows the opposite. For objects brighter than
R ∼ 19.8 the power law found by Bernstein et al.
(2004) for the excited population falls well short of
the actual numbers of detections. This increase in
the numbers of bright objects over that expected
is a consequence of the general increase in albedo
with size occurring for these objects (see chapter
by Stansberry et al.). A plot of number of objects versus absolute magnitude shows the same
trend (with a bias towards higher absolute magnitude because of the flux-limited nature of the
survey), and the location of the deviation from
the power law is a useful indicator of the approximate location where albedo changes begin to be
important. Eight objects brighter than H ∼ 3 deviate most strongly from the power law and are a
convenient dividing line between the largest individual KBOs and the remaining population. Each
of these largest KBOs has interesting unique properties that we describe below.
3.
3.1.

Individual properties of the largest
KBOs
Eris

Eris is currently the largest known object in the
Kuiper belt. Direct measurement of the size with
the Hubble Space Telescope gives a diameter of
2400 ± 100 km (Brown et al. 2006a), while radiometric measurement with IRAM gives 3000 ± 400
(Bertoldi et al. 2006). While the two measure3

ments appear discrepant, they only differ by 1.5σ
owing to the large uncertainty in the radiometric measurement. We will take the measurement
with the smaller uncertainty for the remainder of
the discussion but comment on the larger diameter at the end. This size measurement implies a
remarkably high V-band albedo of 0.86 ± 0.07.
The infrared spectrum of Eris is dominated by
absorption from methane similar to the spectrum
of Pluto (Brown et al. 2005b) (Figure 4). Unlike Pluto, however, the infrared spectrum of Eris
shows no evidence for the small shifts in the wavelength of the methane absorption associated with
methane being dissolved in a nitrogen matrix. The
weakest methane absorptions in the visible, however, do possibly show a small shift (Licandro et al.
2006a), perhaps suggesting that methane and nitrogen are layered, with mostly pure nitrogen on
the surface (where it is probed by the strong absorption features which show no shifts) and dissolved nitrogen below (where it is probed by the
weak absorption features which require long path
lengths to appear). The weak 2.15 µm absorption
feature of nitrogen ice has not been definitively
identified, but at the low temperature expected
on Eris nitrogen should be in its α, rather than β
form as it is on Pluto. The α form has an absorption even weaker than that of the β form (Grundy
et al. 1993; Tryka et al. 1995) so detection may be
extremely difficult even if nitrogen is indeed abundant.
The visible properties of Eris also differ from
those of Pluto. Eris is less red than Pluto, and,
while Pluto has one of the highest contrast surfaces in the solar system and varies in brightness
by 36% over a single rotation (see Brown 2002), no
variation has been seen on Eris to an upper limit
of 0.05 magnitudes (Carraro et al. (2006) report
a photometric variation on one of five nights of
∼0.02 magnitudes, but no additional observations
have confirmed this potential long-term variability).
The high albedo, lower red coloring, and lack
of rotational variation on Eris are all consistent
with a surface dominated by seasonal atmospheric
cycling. With Eris currently near aphelion at 97
AU the radiative equilibrium temperature is ∼ 20
K and nitrogen and methane have essentially zero
vapor pressures, compared to vapor pressures of 17
µbar and 2 nbar at the ∼36 K equilibrium tem-

perature at the 38 AU perihelion. At the current aphelion position, the perihelion atmosphere
should be collapsed onto the surface as 0.6 µm
of methane and 2 mm of nitrogen. The darker
and redder regions such as those on Pluto, which
give Pluto its strong contrast, red color, and lower
average albedo, should be covered, giving Eris a
more uniform, brighter, and less red surface. Indeed, the high albedo of Eris appears similar to
individual regions on Pluto where no dark material appears to be present (Young et al. 2001). As
Eris proceeds from aphelion and the surface warms
we should expect that darker regions will become
uncovered and the surface will appear darker, redder, and more Pluto-like. While this story for
the seasonal evolution of surface of Eris consistently explains many aspects of the observations,
the pure methane ice on the surface remains unexplained. Methane will freeze out before nitrogen, so the surface might be expected to be layered with methane below nitrogen, with perhaps a
mixed Pluto-like layer from perihelion below, but
better constrained observations and more detailed
modeling will be required to understand the surface state and evolution.
Eris is orbited by an apparently single satellite, Dysnomia, approximately 250 times fainter
than Eris (Brown et al. 2006b; Brown and Schaller
2007). More distant satellites up to 10 times
fainter than Dysnomia can be ruled out from
deep HST observations (Brown and Suer 2007).
Models for satellite capture which appear successful at describing many of the large satellites detected around many Kuiper belt objects (Goldreich et al. 2002) cannot account for the presence
of such a small satellite. The most likely creation mechanism appears to be impacts such as
modeled by Canup (2005) who, while attempting
to find models describing the Charon-forming impact, found many cases in which the impact generated a disk which could coalesce to form a much
smaller satellite. The near circular orbit of Dysnomia (e < 0.017) is also consistent with the idea of
formation from a disk and outward tidal evolution.
From the orbit of Dysnomia, the mass of Eris
is found to be (1.66 ± 0.02) × 1022 kg or 27 ± 2%
greater than that of Pluto (Brown and Schaller
2007). Using the HST size measurement the density is then 2.3 ± 0.3 g cm−3 , with almost all of the
uncertainty due to the uncertainty in the size mea4

surement. The density is consistent on the lower
end with the 2.03 ± 0.06 g cm−3 density of Pluto
and on the high end with the ∼2.6 g cm−3 density
of 2003 EL61 (see below). Note that the larger
size measurement from IRAM would give a density of 1.1±0.6 g cm−3 , which, when comparing to
other large KBOs and icy satellites satellites, appears unreasonably low for an object of this size
(see below).
We might expect that the disk forming impact
that generated Dysnomia would have removed
some ice from Eris, leading to a higher density
than that of Pluto. A more accurate measurement
of the density, which would require a more accurate measurement of the size, is clearly warranted.
It appears that only an occultation is likely to give
an improved size estimate for Eris, and, with Eris
far from the galactic plane, opportunities will be
limited.
3.2.

3.3.

Sedna

While the size of Sedna remains uncertain, an
upper limit can be placed from Spitzer observations (see chapter by Stansberry et al.), and a
more tenuous lower limit can be placed by assuming that the geometric albedo at all wavelengths
is lower than 100% (which need not necessarily
be true). These limits constrain the V albedo of
Sedna to be between 0.16 and 0.30 and the diameter to be between 1200 and 1600 km. A deep HST
search for satellites has revealed no candidates to
a limit of about 500 times fainter than the primary
(Brown and Suer 2007).
Sedna is one of the reddest KBOs known, and in
moderate signal-to-noise data, the infrared spectrum appears to contain methane and perhaps
nitrogen (Barucci et al. 2005)(Figure 4). The
visible-to- infrared spectrum and moderate albedo
is consistent with an object covered in dark red organic tholins but with some covering of methane
and nitrogen frosts. Sedna is currently at 90 AU
and 70 years away from its 76 AU perihelion in
its 11,000 year orbit which takes it to 900 AU.
It is currently warming and developing whatever
limited atmosphere it will have. A 76 AU equilibrium temperature atmosphere of ∼160 nbar of
nitrogen will correspond to a ∼40 µm solid layer
of nitrogen ice at aphelion and a ∼36 µm layer at
its current position of 90 AU.
The darker and redder surface of Sedna is consistent in albedo and color with the darker regions
on Pluto. The long orbital period and high eccentricity mean that Sedna spends very little time
near perihelion, so much more time is available for
solid state processing of the material than there is
for surface regeneration. The extremely low temperature of Sedna prevents much of an atmosphere
even near perihelion and thus no extensive frost
surface should ever develop.

Pluto

Pluto, discussed in detail in the chapter by
Stern, is the largest object in the highly populated
3:2 mean motion resonance with Neptune. Its high
albedo and current position near perihelion make
it the brightest object in the Kuiper belt and thus
the first discovered and most heavily observed.
Physically, it appears to be a slightly smaller twin
of Eris. The main visible differences appear to be
the redder color, the presence of dark areas on the
surface, and the different state of methane on the
surface. As discussed above, most of these differences can be explained as an expected consequence
of the closer heliocentric distance of Pluto.
Pluto is surrounded by a system of one large
(Charon)(Christy and Harrington 1978) and two
small satellites (Nix and Hydra)(Weaver et al.
2006). Modeling by Canup (2005) suggests that
the large satellite Charon can be explained as
a consequence of a grazing collision between the
proto-Pluto and Charon in which little exchange
or heating takes place. While no detailed modeling
of the formation of the smaller satellites has been
performed, their similar orbital plane to Charon
and near-circular orbits (Buie et al. 2006) suggest
that they were formed in the same collision.

3.4.

2005 FY9

2005 FY9 is the brightest KBO after Pluto,
and radiometric measurements from the Spitzer
Space Telescope (see chapter by Stansberry et
al.) suggest a diameter of 1500 ± 300 and an
albedo of 80+10
−20 %. Like Eris, Pluto, and Sedna,
2005 FY9 has a surface spectrum dominated by
methane (Barkume et al. 2005; Licandro et al.
2006b; Brown et al. 2007a), but the methane ab-
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sorption features on 2005 FY9 are significantly
deeper and broader than those on the other objects (Fig. 4). The depth and breadth of solid
state absorption features is a function of optical
path length through the absorbing material, so the
features on 2005 FY9 can be interpreted as being
due to extremely large (∼ 1 cm) methane grains
on 2005 FY9, or, likely more appropriately, as due
to a slab of methane ice with scattering impurities
separated by ∼1 cm. Methane grain sizes on the
other bodies are closer to 100µm in contrast.
In addition to the large methane path lengths,
2005 FY9 differs from Pluto in that even moderately high signal-to-noise spectra show no evidence for the presence of the 2.15 µm nitrogen
ice absorption feature (Brown et al. 2007a). Nitrogen appears depleted on 2005 FY9 relative to
methane by at least an order of magnitude compared to Pluto. Visible spectroscopy shows evidence, however, for slight shifts in the wavelengths
of the methane absorptions features which could
be indicative of a small amount of surface coverage
of methane dissolved inside nitrogen (Tegler et al.
2007).
Finally, 2005 FY9 has a clear signature of the
presence of small grains of ethane, in addition to
the methane (Brown et al. 2007a). Ethane is one
of expected dissociation products of both gaseous
and solid-state methane.
All of these unique characteristics of 2005 FY9
can be interpreted as being due to a large depletion of nitrogen on the object. The depletion
of nitrogen would make methane the dominant
volatile on the surface and allow grains of relatively pure methane to grow large as the grains of
nitrogen do on Pluto. In addition, the presence of
methane in pure rather than diluted form would
allow the solid state degradation of methane to
ethane that would not be possible with methane
diluted in small concentrations in nitrogen. 2005
FY9 may be a transition between the larger surface volatile-rich objects and the smaller surface
volatile-depleted objects.
2005 FY9 is the largest KBO to have no known
satellite. Deep observations from HST place an
upper limit for the brightness of faint distant satellites of one part in 10000 (Brown and Suer 2007).

3.5.

2003 EL61

2003 EL61 was first found to be unusual due to
its rapid rotation and large light curve variation.
Rabinowitz et al. (2006) inferred that 2003 EL61
was a rapidly rotating ellipsoid with a 4 hour rotation period. Assuming that the primary spins
in the same plane as the first satellite discovered
(Brown et al. 2005a), the light curve and period
suggest a body with a density of 2.6 g cm−3 , a
size (based on the density and mass determined
from the satellite orbit) of 2000 x 1500 x 1000 km,
and a visual albedo (based on the derived size and
on the brightness) of 0.73 (the formal uncertainties on these parameters are small, but probably
do not reflect the true uncertainties in our understanding of the interior state of large icy bodies
and the degree to which uniform denisty hydrostatic equilibrium holds), consistent with infrared
spectra showing deep water ice absorption (Trujillo et al. 2007).
Infrared spectroscopy of the satellite revealed
the deepest water ice absorption features of any
body detected in the outer solar system(Barkume
et al. 2006), which effectively ruled out a capture
origin, as capture of a spectrally unique body appears implausible. The rapid rotation, high density, unusual satellite spectrum, and the discovery
of a second inner satellite (Brown et al. 2006b) all
strongly point to a collisional origin for this system.
A large infrared survey showed that a small
number of KBOs have deep water ice absorptions
similar to that of 2003 EL61 and almost as deep
as its satellite (see Figure 4 in chapter by Barucci
et al.). Remarkably, these KBOs are all dynamically clustered near the dynamical position of 2003
EL61 itself. Determination of the proper orbital
elements of these objects shows that they represent a tight dynamical family separated by only
140 m s−1 (Brown et al. 2007b). Such a tight
dynamical clustering is itself unusual enough; coupled with the spectral similarity and the additional
evidence for a giant impact, it becomes clear that
the objects in this family are the collisional fragments of a giant impact on the proto-2003 EL61.
While the fragments themselves are tightly clustered, 2003 EL61 itself has a velocity difference
of approximately 500 m s−1 from the fragments.
This difference is easily explained by the residence
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of 2003 EL61 with the 12:7 mean motion resonance
with Neptune which causes long term eccentricity
and inclination evolution that can take an object
from near the center of the cluster to the position
of 2003 EL61 on a time scale of ∼1 Gyr.
While a giant impact on the proto-2003 EL61
appears capable of explaining each of the individual observations, some mysteries remain. In modeling to date, impacts are seen to either disperse
fragments or create a disk out of which satellites
can form. 2003 EL61 appears to have done both.
In addition, the very small velocity dispersion of
the family implies that the fragments left the surface of 2003 EL61 with velocities a small fraction
above the 1 km s−1 escape velocity. Detailed modeling will be required for a further understanding
of the 2003 EL61 system.
3.6.

The satellite of Orcus is on a near-circular orbit
with a 9.5 day period, consistent with outward
evolution from an initially tighter orbit.
Ixion is the brightest object in absolute magnitude with a nearly featureless infrared spectrum,
though it is not clear that it is the largest such object. Spitzer observations (see chapter by Stansberry et al.) only moderately constrain the size
to 590±190 km and the albedo to between ∼9
and 30%. A handful of other KBOs have Spitzer
measurements of a similar or greater size, including Varuna, Huya, 2002 AW197, 2002 UX25, 2004
GV9, 2002 MS4 and 2003 AZ84, and their derived
albedos range from 6 to 30%. Some of these objects (2002 UX25 and 2003 AZ84) are known to
have moderately large close satellites, and one –
Varuna – is known to be a rapid rotator with similarities to 2003 EL61 (Jewitt and Sheppard 2002),
but, in general, these objects appear to share few
of the properties of the unique larger KBOs.

Other large objects

The three other objects in our collection of large
KBOs each also have unique properties. Quaoar
and Orcus each have water ice absorption among
the deepest of non-2003 EL61 fragment KBOs (Jewitt and Luu 2004; de Bergh et al. 2005; Trujillo et al. 2005). Ixion is the largest known object with a nearly featureless infrared spectrum
(Brown et al. 2007b).
The infrared spectrum of Quaoar has an absorption feature at 2.2 µm that has been interpreted as being due to ammonia (Jewitt and
Luu 2004) in analogy to an absorption feature on
Charon (Brown and Calvin 2000), though the two
spectra appear different. The absorption feature is
also, however, consistent with the position of one
of the strongest absorptions for methane. More
detailed observations to constrain the composition
of the surface of Quaoar are clearly warranted.
Quaoar is, in addition, the smallest object known
to have a faint satellite (fractional brightness of
0.6%) like those of Eris, Pluto, and 2003 EL61
(Brown and Suer 2007).
Orcus is a Plutino with an orbit which is nearly
a mirror-image of that of Pluto. It is the largest
KBO with an (apparently) single large (fractional
brightness of 8%) satellite; deep HST images show
that any more distant satellites must be fainter
than Orcus by at least a factor of 1000 (Brown and
Suer 2007). Outer satellites of the relative faintness of those of Pluto would remain undetected.

4.
4.1.

Ensemble properties
Surface composition

The most striking visible difference between the
largest KBOs and the remainder of the population is the presence of volatiles such as methane,
nitrogen, and CO in the spectra of the the large
objects compared to relatively featureless spectra
of the remaining objects. The transition from
small objects with volatile-free to large objects
with volatile-rich surfaces appears to be explainable with a simple model of atmospheric escape
shown in Figure 5 (Schaller and Brown 2007).
Most KBOs are too small and too hot to be able
to retain volatiles against atmospheric escape over
the life of the solar system, a few objects are so
large or so cold that they easily retain volatiles,
and a small number are in the potential transition
region between volatile free and volatile rich surfaces. 2003 EL61 is sufficiently large that it could
retain volatiles, but it seems likely that the giant
impact which removed much of its water ice would
have removed much of the volatile mass, also, either through direct ejection or heating. 2005 FY9
and Quaoar are both sufficiently hot that the lowvapor-pressure nitrogen should all have escaped,
but the lower-vapor-pressure methane could still
be retained. This depletion of nitrogen relative
to methane is precisely what is observed on 2005
7

FY9. On Quaoar, if the 2.2 µm absorption is interpreted as being due to methane instead of ammonia, it would appear that Quaoar is in the last
stages of volatile loss.
The model shown in Figure 5 provides the
first basic framework for understanding the surface compositions of the objects in the Kuiper
belt. The vast majority of the known objects are
too small and/or too hot to have the possibility
of retaining any surface volatiles. Surfaces dominated by relatively featureless involatile heavier
organics or exposures of water ice (see chapter by
Barucci et al.) are therefore expected on such objects. Volatile-rich surfaces are only possible on
these largest of the bodies in the Kuiper belt. In
the region beyond the Kuiper belt inhabited by
bodies such as Sedna, we should expect that most
of the bodies – even relatively small ones – will
have the capability of retaining surface volatiles.
The largest non-methane objects have the deepest water ice absorption features (ignoring the presumably special case of 2003 EL61 and its fragments), even taking into account the lower signalto-noise of the spectra of the fainter objects (see
Figure 4 of the chapter by Barucci et al.). Unlike
for the presence or absence of surface volatiles no
clear explanation of this trend is apparent, though
a partial explanation could include the initially
higher temperatures of the larger objects leading
to greater internal volatile loss and perhaps differentiation. Fewer organic volatiles could then
lead to less creation of dark organic tholins. Such
a process would lead to higher albedos for these
larger objects, which is indeed observed, but also
bluer colors, which is not observed. An alternative
explanation could invoke the satellite-forming impacts that these objects experience in an attempt
to explain their surface compositions. Our understanding of the processes affecting the colors and
compositions of all of the objects in the Kuiper
belt is still primitive.
4.2.

bility that three out of four of these would have
detectable satellites suggests that they are drawn
from a different population than the remainder of
the Kuiper belt at the 98.2% confidence level. Updating this calculation for our currently defined
population, we find that the probability that five
or more out of eight in our sample of large objects are drawn from the same population as the
remainder of the Kuiper belt is less than 1%.
The presence of relatively small satellites
around Eris, Pluto, 2003 EL61, and Quaoar suggests formation by impact, rather than dynamicalfriction aided capture. The moderate size and
tight circular orbit of the satellite of Orcus could
also indicate a collisional rather than capture origin. After the early discovery of near-equal brightness well-separated eccentrically-orbiting KBO binaries (see chapter by Noll et al.) much emphasis was placed on trying to explain the genesis
of these unusual systems through some sort of
capture mechanism. Collisions, however, appear
a dominant satellite-creating process among the
largest KBOs and perhaps also for the now numerous known closely spaced binaries.
4.3.

Densities

The abundance of satellites and the ability to
make accurate size measurements (see chapter by
Stansberry et al.) allows determination of the density for many of the largest KBOs. While the
handful of smaller KBOs with known densities appear to have unexpectedly low densities of ∼ 1
g cm−3 and even lower (Stansberry et al. 2006),
the largest KBOs have densities between ∼ 1.9
and 2.5 g cm−3 as expected from cosmochemical
abundances in the outer solar system (McKinnon
and Mueller 1989). Figure 6 shows the measured
densities of the large KBOs, including Triton and
Charon. Within the largest KBOs, no statistically significant trend exists in KBO density versus radius. Similarly, no significant trend is seen
in the densities of the icy satellites of the outer
three planets through this size range. A rank correlation test shows that the KBOs are more dense
than the icy satellites, however, at the 95% confidence level. These higher densities could be the
result of the different formation environment between the proto-solar and proto-giant planet nebulae, though a bias in KBO densities caused by
impacts cannot be ruled out, as density measure-

Satellites

The largest KBOs appear to have a different
style of satellite formation than the other objects.
These objects have a greater frequency of satellites, the only two known multiple satellite systems, and the possibility of much smaller satellites.
Brown et al. (2006b) found in an adaptive optics
survey of the four largest KBOs that the proba8

ments of KBOs (with the exception of Triton) require the presence of a satellite.
5.

• Are any active sources of methane, such as
serpentinization of ultramafic rock, necessary to explain the volatiles on the largest
KBOs?

Conclusions

• Is the impact frequency required to explain
all of the presumably impact-related features
of the large KBOs higher than expected?

Each of the largest KBOs has a unique dynamical and physical history which can be gleaned from
detailed observations such as described here. As a
whole, the largest KBOs appear distinct in surface
composition, satellite frequency and style, and
density. Impacts appear to have played a more discernible role among the largest KBOs than among
the population at large.
Based on the latitudinal completeness of the
Palomar survey, it appears that 2 or 3 more
KBOs of the size range of those described here
likely await discovery, though many more large objects must exist in the distant regions beyond the
Kuiper belt. The most likely location to find large
undiscovered Kuiper belt objects is in the band
at 10 degrees south ecliptic latitude where the sky
densities are highest and the completeness is lowest, though with the low numbers remaining to be
found they could be almost anywhere within the
Kuiper belt.
Several outstanding questions remain about the
largest Kuiper belt objects:

• Do impacts such as those experienced by
2003 EL61 raise the densities on other
KBOs?
• What explains the difference between the
water ice-rich surfaces of some moderate
sized KBOs and the spectrally featureless
surfaces of others?
The recent discoveries of these largest KBO ensures an accessible population for addressing these
questions and promises a slew of new questions as
more details of these objects are discerned.
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Fig. 1.— Coverage of the Palomar survey for large Kuiper belt objects. The map is centered at RA and
declination of 0 degrees. The white line shows the ecliptic. Approximately 20,000 square degrees north of
-30 degrees declination, mostly avoiding the galactic plane, have been covered to a limiting magnitude of
R∼20.5. 71 large KBOs have been found in the survey, including most of the large KBOs discussed here.
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Fig. 2.— The latitudinal distribution of objects
found in the Palomar survey for large KBOs. The
lower line with dots shows the number of KBO detections in two degree bins. The dashed line shows
the fractional sky coverage as a function of ecliptic latitude. Sky coverage is incomplete because
of galactic plane avoidance, (substantial) gaps between CCDs in the mosaic camera, and occasional
lack of sky coverage. The solid line above the dots
shows the expected number of large KBOs per latitude bin corrected for sky coverage. The prominent peaks in sky density at -10 and +10 ecliptic
latitude are likely a general property of the high
inclination Kuiper belt rather than a property of
only the large KBOs.

Fig. 3.— The cumulative magnitude distribution of the large KBOs found in the Palomar survey. The upper plot shows the total number of
KBOs detected brighter than a limiting R magnitude, while the straight line shows the slope of the
Berstein et al. (2004) power law fit to the distribution of the excited population. The deviation from
the power law at magnitudes fainter than ∼20.5 is
an indication of where the survey begins to become incomplete. The deviation from the power
law for the brightest objects, also seen in the distribution of absolute magnitude in the lower plot,
is an indication of the increase in albedo of the
largest objects.
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Fig. 5.— A model of surface volatile loss on
objects in the Kuiper belt (Schaller and Brown,
2007). Most objects in the Kuiper belt are sufficiently small or sufficiently hot that atmospheric
loss will remove all accessible surface volatiles over
the lifetime of the solar system. No volatiles have
been detected on any of these objects. A small
number of objects are large enough or cold enough
to easily retain surface volatiles, and each of these
has indeed had surface volatiles detected. Three
objects are in the transition region between certain volatile loss and possible volatile retention.
2003 EL61 has no volatiles detected on the surface,
but the mantle shattering impact that it likely
experienced would likely have removed many of
the volatiles along with much of the water ice.
2005 FY9 indeed appears to be a transition object as the model predicts, with methane clearly
present, but a large depletion of nitrogen relative
to methane. Quaoar has a dominantly water ice
spectra, but an absorption feature at 2.2µm could
be interpreted as being due to the strongest band
of methane being weakly present, implying that
Quaoar, too, is currently undergoing the transition from a volatile-rich to volatile-poor surface.

Fig. 4.— Visible-to-infrared spectra of the four
methane-covered objects (Barucci et al. 2005;
Brown et al. 2007a; Brown 2002; Brown et al.
2005b). While each of the objects is dominated
by the signature of methane (with the exception
of Sedna where the signal is weak but convincing), major differences appear in the objects’ surface compositions. Methane on Eris and 2005 FY9
appears to be dominantly in pure form, while on
Pluto much of the methane is dissolved in N2 ,
whose spectral signature can be seen at 2.15 µm.
On 2005 FY9, large path lengths through pure
methane give rise to broad saturated bands, and
absorption due to ethane can be seen at what
should be the flat bottom of the 2.3 µm methane
absorption. The low signal-to-noise of the Sedna
spectra prevents detailed analysis , but the weakness of the methane and the possible presence of a
broad N2 line show a different surface character.
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Fig. 6.— Densities of the largest KBOs, shown
with solid circles. No clear trend exists in density
with size, though several KBOs with smaller sizes
are known to have significantly lower densities. No
statistically significant trend is seen among the
densities of icy satellite of the outer three planets over this same size range (open triangles; the
triangle with an arrow represents Titan, with a diameter of 5150 km). The KBOs are more dense
than the satellites at the 95% confidence level.

15

Table 1
Properties of the largest Kuiper belt objects

diameter (km)
a (AU)
e
i (deg)
r (AU)
H
surface composition
albedo (%)
mass (1020 kg)
density (g cm−3 )
satellite frac. brightness (%)
satellite period (days)
additional sat. limit (%)

Eris

Pluto

2005 FY9

2003 EL61

Sedna

Quaoar

Orcus

Ixion

2400±100
67.8
0.44
44.0
96.8
-1.2
CH4 +?
86±7
166±2
2.3±0.3
0.4
15.8
0.04

2290
39.6
0.25
17.1
31.2
-1.0
CH4 +CO+N2
50-65
130.5±0.6
2.03±0.06
18,.018,.015
6.4,38.2,24.8
0.001

1500±300
45.7
0.15
29.0
52.0
-0.3
CH4 +C2 H6
80+10
−20
0.01

∼2000 x 1500 x 1000
43.2
0.19
28.2
51.1
0.3
H2 O
∼73
42±1
∼2.6
5.9,1.5
49.1,?
0.5

1300-1800
488
0.84
11.9
88.5
1.6
CH4 +N2
15-30
-

1260±190
43.1
0.04
8.00
43.3
2.7
H2 O + ?
9±3
0.6
?
0.2

950±70
39.4
0.22
20.5
47.8
2.3
H2 O
20±3
9±1
1.9±0.4
8
9.8
0.1

590±190
39.3
0.25
19.7
42.1
3.4
?
15+15
−6
0.5

Note.—References for all data can be found throughout the text.
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