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The irregular satellites of the outer planets, whose population now numbers over 100, are
likely to have been captured from heliocentric orbit during the early period of solar system
history. They may thus constitute an intact sample of the planetesimals that accreted to form
the cores of the jovian planets. Ranging in diameter from ~2 km to over 300 km, these bodies
overlap the lower end of the presently known population of transneptunian objects (TNOs).
Their size distributions, however, appear to be significantly shallower than that of TNOs of
comparable size, suggesting either collisional evolution or a size-dependent capture probability.
Several tight orbital groupings at Jupiter, supported by similarities in color, attest to a common
origin followed by collisional disruption, akin to that of asteroid families. But with the limited
data available to date, this does not appear to be the case at Uranus or Neptune, while the situa-
tion at Saturn is unclear. Very limited spectral evidence suggests an origin of the jovian irregu-
lars in the outer asteroid belt, but Saturn’s Phoebe and Neptune’s Nereid have surfaces domi-
nated by water ice, suggesting an outer solar system origin. The short-term dynamics of many of
the irregular satellites are dominated by large-amplitude coupled oscillations in eccentricity and
inclination and offer several novel features, including secular resonances. Overall, the orbital
distributions of the irregulars seem to be controlled by their long-term stability against solar
and planetary perturbations. The details of the process(es) whereby the irregular satellites were
captured remain enigmatic, despite significant progress in recent years. Earlier ideas of acci-
dental disruptive collisions within Jupiter’s Hill sphere or aerodynamic capture within a cir-
cumplanetary nebula have been found wanting and have largely given way to more exotic theo-
ries involving planetary migration and/or close encounters between the outer planets. With the
Cassini flyby of Phoebe in June 2004, which revealed a complex, volatile-rich surface and a
bulk density similar to that of Pluto, we may have had our first closeup look at an average-
sized Kuiper belt object.

1. INTRODUCTION

of 1-10 yr, which are frequently highly eccentric and in-

Planetary satellites are conventionally divided into two
major classes, based on their orbital characteristics and
presumed origins (Burns, 1986a; Stevenson et al., 1986;
Peale, 1999). The inner, regular satellites move on short-
period, near-circular orbits in or very close to their parent
planets’ equatorial planes, and are generally believed to have
formed in situ via accretion from a protoplanetary nebula
[see, e.g., Canup and Ward (2002) and Mosqueira and
Estrada (2003) for recent models]. By contrast, the outer
irregular satellites move on orbits with periods on the order
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clined. The latter bodies are generally believed to have been
captured from heliocentric orbit during the final phases of
planetary accretion (Pollack et al., 1979; Heppenheimer and
Porco, 1977) or via a collisional mechanism at some later
time (Colombo and Franklin, 1971), but there is no con-
sensus on a single model. Recent years have seen an ex-
plosion in the number of known outer satellites of the jovian
planets, due to deep imaging searches carried out with wide-
field CCD cameras on large-aperture telescopes (Gladman
et al., 1998a, 2000, 2001a; Sheppard and Jewitt, 2003; Hol-
man et al., 2004; Kavelaars et al., 2004; Sheppard et al.,
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2005, 2006). At the time of writing, a total of 106 irregular
satellites have been catalogued, ~70 of which have been as-
signed permanent numbers and names by the International
Astronomical Union (IAU).

2. DISCOVERY
2.1. Photographic Surveys

The advent of photographic plates in the late nineteenth
century led to a burst of satellite discoveries, in a field that
had lain dormant since the visual discoveries of Hyperion,
Ariel, Umbriel, and Triton by W. Lassell and W. Bond in
1846-1851 and Phobos and Deimos by A. Hall in 1877.
Almost all the faint, newly found objects proved to be what
came to be known as irregular satellites: first Saturn’s
Phoebe (my = 16.5), discovered by W. Pickering at Har-
vard’s southern station in 1898, followed over the next 16
years by Jupiter’s Himalia (m, = 14.6), Elara (16.3), Pa-
siphae (17.0), and Sinope (18.1) discovered by C. Perrine,
P. Melotte, and S. Nicholson. Working at Mount Wilson,
S. Nicholson discovered three additional 18th-mag jovian
irregulars between 1938 and 1951: Lysithea, Carme, and
Ananke. In the 1940s and 1950s, G. Kuiper undertook pho-
tographic surveys for new satellites at Uranus and Neptune
using the McDonald 82-inch telescope, resulting in the dis-
covery of Nereid in 1949. All these surveys depended on
manual comparison of pairs of photographic plates, gener-
ally using blink comparators to superimpose the two im-
ages. The final discovery of the photographic era was Leda
(J XIII), discovered by Kowal et al. (1975) on plates taken
with the 48-inch Schmidt telescope at Palomar. At mean
opposition magnitudes of 19.5 and 19.7, Leda and Nereid
represented the practical limit for the detection of moving
objects on long-exposure plates.

Much of this early survey work is summarized by Kuiper
(1961), including his own extensive investigations, while
some later but unsuccessful searches are reviewed by Burns
(19864a). In a postscript to the era of photographic discov-
eries, we note the report by Kowal et al. of a possible ninth
irregular jovian satellite, later designated S/1975 J1 (see
IAU Circular 2855). This object remained unconfirmed for
a quarter century until it was unexpectedly and indepen-
dently rediscovered by Holman et al. and Sheppard et al.
in CCD images in 2000; it was subsequently named J X VIII
Themisto (see TAU Circular 7525).

2.2. CCD Surveys

Photographic plates are very inefficient for detecting
moving objects. They do not reach faint magnitudes on
short timescales, are very time intensive to handle, and are
hard to compare in order to find moving objects. Additional
irregular satellite discoveries would require more sensitive
detectors that covered large fields of view (Fig. 1). In the
mid 1990s digital CCDs finally were able to cover signifi-

cant areas of the sky per exposure (10-30 arcmin on a side
compared to only a few arcminutes previously). Since 1997,
with the discovery of Caliban and Sycorax at Uranus by
Gladman et al. (1998a), 95 irregular satellites have been
discovered around the giant planets (Gladman et al., 2000,
2001a; Sheppard and Jewitt, 2003; Holman et al., 2004;
Kavelaars et al., 2004; Sheppard et al., 2005, 2006). With
these new discoveries Jupiter’s known irregular satellite
population has grown from 8 to 55, Saturn’s from 1 to 35,
Uranus’ from 0 to 9, and Neptune’s from 2 (if we include
Triton) to 7.

Table 1 provides some basic information about the cur-
rent state of the surveys for irregular satellites around the gi-
ant planets. The known irregular satellites (106 as of October
2006) now greatly outnumber the known regular satellites
(Fig. 1). Because of its proximity to the Earth, Jupiter cur-
rently has the largest irregular satellite population but it is
expected that each giant planet’s environs may contain simi-
lar numbers of such objects (Jewitt and Sheppard, 2005).
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Fig. 1. The number of irregular and regular satellites discovered

since the late 1800s. Several key technological advances that re-
sulted in a jump in the pace of discoveries are identified.

TABLE 1. Irregular satellites of the planets.
IIIPT T, mini RH§ RH
Planet #* (10%5kg) (km) (deg) (107 km)
Jupiter 55 190 1 4.7 5.1
Saturn 35 57 2 3.0 6.9
Uranus 9 8.7 6 1.5 7.3
Neptune 71 10.2 16 L5 11.6

*The number of known irregular satellites, as of December 2006.

"The mass of the planet.

fMinimum radius of a satellite that current surveys would have
detected to date, for an assumed albedo of ~0.05.

$Radius of the Hill sphere as seen from Earth at opposition.

IIncluding Triton.



CCDs are not only more sensitive than photographic
plates but they allow for the use of computers, which can
process the vast amount of data generated with relative ease.
Two main techniques have been used with the images from
CCDs to discover irregular satellites. Both techniques re-
quire observations of the planets to be made when they are
near opposition. This ensures that the dominant apparent
motion is parallactic, allowing the distance to the object to
be calculated. At opposition the movement of an object is
simply related to its heliocentric distance, r, by (Luu and
Jewitt, 1988)

@z148(1—r0~5] (1)
dt r—1
where r is expressed in AU and d6/dt is the rate of change
of apparent position of the object relative to the stellar back-
ground in arcsec hr-!. This allows foreground main-belt
asteroids and background Kuiper belt objects (KBOs) to be
distinguished easily from possible outer planetary satellites,
which have motions typically within a few arcseconds per
day of their host planet.

The first technique requires the observer to take three
images of a region of sky near the planet spread out over a
few hours. Each set of three images per field is then searched
using computer programs that detect objects moving rela-
tive to the background stars and galaxies near the rate de-
termined from equation (1). Once flagged, these objects are
followed up during the next few weeks and months to con-
firm their satellite status and to obtain preliminary orbits.

The second technique, first used for deep transneptunian
object (TNO) searches and described by Gladman et al.
(1998b) and Petit et al. (2004), is more computer-intensive
and can only be used efficiently to search for satellites of
Uranus and Neptune since these satellites have apparent mo-
tions almost exactly the same as those of their host planets
(Holman et al., 2004; Kavelaars et al., 2004). In this tech-
nique several tens of images are taken of the same field over
a period of a few hours. These images are then shifted at
the planet’s rate and combined using a median filter. Satel-
lites will show up as point sources while foreground and
background objects will disappear or be smeared out by the
shifting and combining. This technique prevents the CCDs
from saturating on the sky while increasing the signal-to-
noise of any satellite detection. Fainter satellites can be
found with this method, but as it is very telescope-time-
intensive, only limited areas of sky can be searched on each
night.

Unsuccessful searches for irregular satellites of Mars
have been carried out by Showalter et al. (2001) and Shep-
pard et al. (2004), while Stern et al. (1991, 1994) and Nich-
olson and Gladman (2006) have reported similar negative
searches for irregular satellites at Pluto. [Two newly discov-
ered satellites of Pluto, II Nix and III Hydra (Weaver et al.,
20006) both orbit close to the planet’s equatorial plane and
are best classified as regular satellites.]
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2.3. Orbital Groupings

Even a cursory inspection of the mean orbital elements
of the irregular satellites of Jupiter and Saturn reveals sev-
eral obvious groupings, illustrated in Plate 8. Prior to 1999,
Jupiter had four known prograde satellites, dominated by
160-km-diameter Himalia and tightly clustered in a, e, and i,
plus a much looser grouping of four retrograde satellites cen-
tered on Pasiphae (D = 60 km) and Carme (45 km). These
were generally considered to represent fragments from the
disruption — perhaps incidental to their capture — of two
parent objects (Burns, 1986b; Colombo and Franklin, 1971).

With the current census of 55 irregular jovian satellites,
at least 3 and perhaps as many as 4 distinct groups can be
identified in a—e—i space (Nesvorny et al., 2003; Sheppard
and Jewitt, 2003): one prograde and two to three retro-
grade. The original prograde group with a; = 11:5 and i =
28° remains, consisting of Himalia, Elara, Lysithea and
Leda, possibly augmented by S/2000 J11, although this ob-
ject has not been recovered and is now considered “lost.”
(We use the shorthand notation a, = a/10°km.) In addition,
there are two isolated high-inclination objects: Themisto
(ag="7.5,1=43°) and Carpo (a5 = 17.0, i= 51°). All re-
maining jovians are retrograde, and were divided by Shep-
pard and Jewitt (2003) into three groups centered on Ananke
(ag =21, 1= 149°), Pasiphae (a; =24,1=151°), and Carme
(ag =23,1=165°). With 24 additional satellites discovered
in 2002 and 2003, the Ananke and Carme groups have be-
come more sharply delineated, but the Pasiphae group re-
mains rather diffuse. The Ananke group has at least 8 smaller
named members (Euanthe, Harpalyke, Hermippe, locaste,
Mneme, Praxidike, Thelxinoe, and Thyone), while Carme
has at least another 11 (Aitne, Arche, Chaldene, Erinome,
Eukelade, Isonoe, Kale, Kallichore, Kalyke, Pasithee, and
Taygete). Euporie and Orthosie, grouped with Ananke by
Sheppard and Jewitt (2003), now appear more likely to be
outliers (Nesvorny et al., 2003). The Pasiphae group may
contain as many as 10 other named objects, including 40-
km-diameter Sinope, Autonoe, Cyllene, Eurydome, Meg-
aclite, and Sponde (Sheppard et al., 2003), but its exact
membership is unclear. Questionable members are Helike
(whose latest orbit puts it nearer the Ananke group), Hegem-
one, Aode, and Callirrhoe.

The saturnian irregulars comprise two relatively tight
prograde groups in a—e—i space: Albiorix, Erriapo, Tarvos,
and S/2004 S11 at a5 = 17, i = 34° and the Kiviuqg/ljiraq pair
at a;= 11.4, i = 46°. Paaliaq and Siarnaq share the latter
group’s inclination, but are at much larger semimajor axes
of a;= 15 and 18, respectively. Excepting Skathi (S/2000
S8), all the retrograde saturnian satellites were lumped to-
gether by Gladman et al. (2001a) into a rather loose Phoebe
inclination group with i = 170°. Unlike the situation at Ju-
piter, the saturnian retrograde satellites do not form well-
defined groups in a—e—i space. Instead, we may group them
roughly by inclination alone. Including a dozen new sat-
ellites reported by Jewitt et al. in IAU Circular 8523, a
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smaller, tighter Phoebe group has emerged at i = 175° (with
Suttungr, Thrymr, Ymir, and S/2004 S8), while Mundilfari
at i = 168° is joined by S/2004 S7, S10, S12, S13, S14, S16,
and S17. Skathi at i = 153° has acquired four comrades
(Narvi = S/2003 S1, S/2004 S9, S15 and S18). These retro-
grade saturnian inclination groups encompass a wide range
of semimajor axes and eccentricities, raising considerable
doubt as to whether they represent actual “families” in the
genetic sense (see section 5.3). Nine new retrograde satur-
nian satellites reported by Sheppard et al. (see IAU Circu-
lar 8727) all appear to fall within the above three inclina-
tion groups.

At Uranus the situation is rather different. First, all but
one (Margaret) of the nine known irregulars are retrograde.
Second, both Kavelaars et al. (2004) and Sheppard et al.
(2005) concluded that while the inclination distribution at
Uranus is essentially random, with the possible exception of
the pair Caliban and Stephano at a; = 7.5, i = 142°, there is
a statistically-significant separation into two groups in a—e
space. The inner, more circular group at a; =7, e = 0.2 con-
sists of Caliban, Stephano, Francisco, and Trinculo, while
the outer, more eccentric group at a; = 16, e = 0.5 consists
of Sycorax, Setebos, Prospero, and Ferdinand.

With only seven irregular satellites currently known (five
if Triton and Nereid are excluded as atypically large and
possibly sharing a unique dynamical history, as discussed
in section 6.2), the classification of Neptune’s outer satel-
lites remains problematic (Holman et al., 2004; Sheppard
et al., 2006). The three known prograde satellites, Nereid,
Laomedeia = S/2002 N3, and Sao = S/2002 N2, have very
different inclinations of i = 7°, 35°, and 48° respectively.
Three of the four retrograde satellites (Halimede = S/2002
N1, Neso = S/2002 N4, and Psamathe = S/2003 N1) form
a fairly tight grouping in inclination at i ~ 135°, while the
latter pair also have quite similar values of a and e.

As discussed further in section 3.1, the rapid decrease
in brightness of satellites with increasing heliocentric dis-
tance means that current surveys at Uranus and Neptune are
almost certainly much less complete than those at Jupiter
and Saturn, raising the distinct possibility that we are see-
ing only the largest member or two of each orbital group.
It is worth recalling that what appeared a decade ago to be
a single loose cluster of four retrograde jovian irregulars is
now seen as three distinct and much tighter groups.

2.4. Nomenclature

Historically, different conventions have been followed in
naming the irregular satellites of the various planets. The
outer satellites of Jupiter have names derived from classi-
cal Roman or Greek mythology and are lovers or descen-
dants of Jupiter or Zeus. The jovian prograde satellites with
inclinations near 28° and presumably related to Himalia

[TPELR

have names ending in “a”; more highly inclined prograde
objects have names ending in “0”; and retrograde objects
have names ending in “e.” At Saturn, where the inner sat-

ellites are named after Titans, the outer irregulars are named

after giants from Gallic (i = 35°), Inuit (i = 45°), and Norse
(retrograde) mythology, Phoebe excepted. At Uranus, all
names are derived from English literary (Shakespearean)
sources, in keeping with the regular satellites, with no or-
bital subdivisions. At Neptune the small outer satellites are
named after the 50 Nereids but generally follow the jovian
scheme of “a” and “¢” endings for prograde and retrograde
satellites, with an “0” ending reserved for those with un-
usually high inclinations.

3. PHYSICAL PROPERTIES

The irregular satellites inhabit a unique niche in the so-
lar system. They lie in an otherwise mostly empty region
for stable small solar system bodies. They may be some of
the only small bodies remaining that are still relatively near
their formation locations within the giant planet region
rather than being incorporated into the planets or ejected
from the area. Their compositions may be intermediate be-
tween the rocky main-belt asteroids and volatile-rich TNOs.

3.1. Albedos and Size Distribution

Jupiter’s largest irregular satellites have very low albe-
dos of about 0.04 to 0.05, which, along with their colors,
are consistent with dark C-, P-, and D-type carbon-rich as-
teroids in the outer main belt (Cruikshank, 1977) and very
similar to the jovian Trojans (Fernandez et al., 2003). The
Cassini spacecraft obtained resolved images of Himalia that
showed it to be an elongated object with axes of 150 x
120 km and an albedo of ~0.05 (Porco et al., 2003). Hi-
malia’s relatively irregular shape makes it typical of small
objects and satellites with internal pressures so low that they
do not assume a hydrostatic shape [e.g., satellites with vol-
umes <107 km3 exhibit axial ratios significantly greater than
1, according to Thomas et al. (1986)].

Saturn’s Phoebe has an average albedo of about 0.08
(Simonelli et al., 1999). Cassini obtained high-resolution
images of Phoebe that showed it to be intensively cratered
with many high albedo patches — possibly fresh ice expo-
sures — located on crater walls (Porco et al., 2005). Fur-
ther discussion of these results may be found in section 6.1.
From Voyager data, Neptune’s Nereid was found to have
an albedo of 0.16 (Thomas et al., 1991). These albedos for
Phoebe and Nereid are more similar to the higher albedos
found for large KBOs (Grundy et al., 2005; Cruikshank et
al., 2005).

When measured to a given size, the populations and size
distributions of the irregular satellites of each of the giant
planets appear to be very similar (Fig. 2) (Sheppard et al.,
2006). In order to model the size distributions we use a
differential power law of the form n(r)dr = I'r-ddr, where
I" and q are constants, r is the radius of the satellite, and
n(r)dr is the number of satellites with radii in the range r to
r+dr

In the size range of 10 < r < 100 km the irregular satel-
lites of all four giant planets appear to have shallow power-



law size distributions with q = 2. Because of their proxim-
ity to Earth, only Jupiter and Saturn have known irregular
satellites with r < 5 km. These smaller satellites appear to
follow a steeper power law (q > 3.5), which may be a sign
of collisional evolution. In the Kuiper belt the size distri-
bution is not well known at sizes similar to the irregular
satellites, but KBOs with r > 50 km appear to have a much
steeper power law (q ~ 4) than the irregular satellites. This
distribution appears to become shallower for r < 30 km, but
more data are needed to determine a reliable Kuiper belt size
distribution (Trujillo et al., 2001; Gladman et al., 2001b;
Bernstein et al., 2004; Elliot et al., 2005; see also the chap-
ter by Petit et al.).

If we do not include Triton, the largest irregular satellite
at each planet is ~100 km in radius, with about 100 irregu-
lar satellites expected around each planet with radii larger
than 1 km. This similarity between all four giant planet ir-
regular satellite systems is unexpected considering the dif-
ferent formation scenarios envisioned for the gas giants vs.
the ice giants (see section 5). Either the capture mecha-
nism(s) for irregular satellites are independent of the planet
formation process (Jewitt and Sheppard, 2005), or their size
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Fig. 2. The cumulative radius function for the irregular satellites
with r < 100 km of Jupiter, Saturn, Uranus, and Neptune. This
figure directly compares the sizes of the satellites of all the giant
planets assuming all satellite populations have albedos of about
0.04. Jupiter, Saturn, and Uranus all have shallow irregular satellite
size distributions of q ~ 2 for satellites with 100 > r > 10 km. Nep-
tune’s limited number of known small outer irregular satellites with
100 > r> 10 km show a steeper size distribution of q ~ 4, but if
Nereid and/or Triton are included we find a much shallower size
distribution of q ~ 1.5. Both Jupiter and Saturn appear to show a
steeper size distribution for irregular satellites with r < 5 km, which
may be a sign of collisional processing. To date neither Uranus’
nor Neptune’s Hill spheres have been surveyed to these smaller
sizes. Further discoveries of irregular satellites around Neptune
are needed to obtain a reliable size distribution. After Sheppard
et al. (2006).
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Fig. 3. The colors of the irregular satellites of Jupiter, Saturn,
Uranus, and Neptune compared to the Jupiter and Neptune Tro-
jans, Kuiper belt objects, Centaurs, and comet nuclei. The jovian
irregular satellites are fairly neutral in color and very similar to
the nearby Jupiter Trojans and possibly the comets. Saturn’s ir-
regulars are significantly redder than Jupiter’s but do not reach
the extreme red colors seen in the KBOs. Uranus’ irregular satel-
lites are very diverse in color, with some being the bluest known
while others are the reddest known irregular satellites. Only two
of Neptune’s irregulars have measured colors and not much can
yet be said except that they don’t show the very red colors seen
in the Kuiper belt. Irregular satellite colors are from Rettig et al.
(2001), Grav et al. (2003, 2004), and Grav and Bauer (2007).
Jupiter Trojan colors are from Fornasier et al. (2004) while the
Neptune Trojan colors are from Sheppard and Trujillo (2006).
Comet nuclei and dead comet colors are from Jewitt (2002, 2005)
and references therein. Centaur and KBO colors are from Barucci
et al. (2005), Peixinho et al. (2001), Jewitt and Luu (2001), and
references therein.

distributions are dominated by subsequent collisional evo-
lution (see section 5.3).

3.2. Broadband Colors

Colors of the irregular satellites are neutral to moderately
red (Tholen and Zellner, 1984; Luu, 1991; Rettig et al.,
2001; Maris et al., 2001; Grav et al., 2003, 2004; Grav and
Bauer, 2007). Most do not show the very red material found
in the distant Kuiper belt (Fig. 3). The jovian irregular sat-
ellites’ colors are very similar to those of the carbonaceous
C-, P-, and D-type outer main-belt asteroids (Degewij et al.,
1980), as well as to the Trojans and dead comets. Colors
of the Jupiter irregular satellite dynamical groupings are
consistent with, but do not prove, the notion that each group
originated from a single undifferentiated parent body. Op-
tical colors of the eight bright outer satellites of Jupiter show
that the prograde (or Himalia) group appears redder and
more tightly clustered in color space than the retrograde
irregulars (Rettig et al., 2001; Grav et al., 2003). Near-in-
frared colors recently obtained for the brighter satellites
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agree with this scenario and suggest that the jovian irregu-
lars’ colors are consistent with D- and C-type asteroids
(Sykes et al., 2000; Grav and Holman, 2004).

The saturnian irregular satellites are on average redder
than Jupiter’s but still do not show the very red material
observed in the Kuiper belt. Buratti et al., (2005) show that
the color of the dark reddish side of lapetus is consistent
with dust from the small outer satellites of Saturn but not
from Phoebe. Interestingly, most of Saturn’s smaller irregu-
lar satellites do not appear to have similar spectrophotome-
try to the neutral-colored Phoebe (Grav et al., 2003; Buratti
et al., 2005), with the exception of Mundilfari (Grav and
Bauer, 2007). Although the Saturn irregulars do not show
such obvious dynamical groupings in semimajor axis and
inclination phase space as those at Jupiter, the optical colors
and phase curves of several prograde saturnians do seem to
be correlated for objects of similar inclination (Bauer et al.,
2006; Grav and Bauer, 2007). The retrograde satellites, on
the other hand, exhibit a wide range of optical colors with
few strong orbital correlations (Grav and Bauer, 2007), con-
sistent with several different parent bodies.

The irregular satellites of Uranus show a wide range of
colors, especially in V-R (Maris et al., 2001; Romon et al.,
2001; Grav et al., 2004), but little else can be said at present.
There are only very limited observational data for Neptune’s
irregulars, but to date they also do not appear to show the
extreme red colors seen in the Kuiper belt.

Figure 3 shows that in general the irregular satellites, the
Jupiter and Neptune Trojans, and cometary nuclei have sim-
ilar colors that are quite different from the overall color dis-
tribution of Centaurs and KBOs. It has also been well es-
tablished that the Kuiper belt appears to have two color
populations, with the dynamically excited objects being less
red on average (Tegler and Romanishin, 2000; Trujillo and
Brown, 2002). Sheppard and Trujillo (2006) suggest that
all the “dispersed populations,” i.e., those objects that are
currently on stable orbits but were likely transported and
trapped there, were derived from a similar location in the
solar nebula because of their similar moderately red colors.
These dispersed objects include the irregular satellites of the
four giant planets as well as the Jupiter and Neptune Tro-
jans and the dynamically “hot” — or excited — population
of KBOs. If this scenario is true, it would suggest that all
these populations were transported and trapped in their cur-
rent locations at a similar time in the early solar system.

3.3. Spectra and Surface Compositions

Because the vast majority of the irregular satellites are
very faint, little has been done in terms of spectroscopy ex-
cept for the largest few objects. Optical and near-infrared
spectra of the brighter jovian satellites are mostly feature-
less with moderately red slopes (Luu, 1991; Brown, 2000;
Jarvis et al., 2000; Chamberlain and Brown, 2004; Geballe
et al., 2002). Jarvis et al. (2000) find a possible 0.7-um
absorption feature in Jupiter’s Himalia and attribute this

to oxidized iron in phyllosilicate minerals, which are typi-
cally produced by aqueous alteration. Cassini obtained a
largely featureless near-infrared spectrum of Jupiter’s Hi-
malia (Chamberlain and Brown, 2004). The neutral to mod-
erately red linear spectra of Jupiter’s irregular satellites, like
their albedos and colors, are consistent with those of dark,
carbonaceous outer main-belt asteroids.

The one irregular satellite at Saturn and one at Neptune
with measured spectra appear to be remarkably different
from Jupiter’s irregular satellites. Saturn’s Phoebe and Nep-
tune’s Nereid both show volatile-rich surfaces with strong
water-ice signatures (Brown et al., 1998; Owen et al., 1999).
In addition to almost ubiquitous water ice, the near-infra-
red spectra of Phoebe obtained by Cassini show ferrous-
iron-bearing minerals (perhaps phyllosilicates), bound wa-
ter, trapped CO,, organics, and possibly nitriles and cyanide
compounds (Clark et al., 2005). Phoebe’s diverse, volatile-
rich surface suggests strongly that this object was formed
beyond the main asteroid belt and that it may be more simi-
lar in composition to cometary nuclei. Further discussion
is deferred to section 6.1.

4. DYNAMICS
4.1. Short-Term Dynamics

The largest perturbations on irregular satellite orbits in-
variably come from the Sun. Solar tides place the upper
limit on the distance between the planet and the satellite.
In the simplest approximation, the planet’s gravity will be
stronger than solar tides within its so-called “Hill sphere,”
the radius of which is given by

1/3
Ry = (%) . )

where m and M are the planet’s and the Sun’s masses, and
r is the mean distance between them. However, the region of
long-term stability is somewhat smaller than the Hill sphere,
and will be discussed in section 4.2.

On the other hand, most irregulars are sufficiently far
from their parent planets not to be appreciably affected by
the planet’s oblateness. The critical distance for the transi-
tion between oblateness-dominated and Sun-dominated dy-
namics is

1/5
a, = (2]23R2r3j 3)

where J, and R are the planet’s second gravitational mo-
ment and radius. When we calculate this distance for Jupi-
ter, Saturn, Uranus, and Neptune, we get 2.3, 2.5, 1.4, and
1.8 million km, respectively, although these distances are
increased by ~30% when allowance is made for the contri-



bution to each planet’s effective J, by its equatorial, regu-
lar satellites. With the notable exception of Triton, all the
satellites that were likely captured from heliocentric orbit
have a > a_.

The most important short-period solar perturbation of the
orbit of a distant satellite is evection. It is associated with
the argument 2A' — 2@, where A' is the solar true longitude
and ® is the satellite’s longitude of pericenter. The period
of this perturbation is somewhat longer (or shorter, for ret-
rograde satellites) than half the planet’s year. Evection in-
duces variability in all orbital elements, but its most notable
effect is on the eccentricity. The eccentricity is largest when
the Sun is along the line of the moon’s apsides, and lowest
when the Sun is perpendicular to that line (this is again
reversed for retrograde orbits). Lunar evection is well de-
scribed by Brouwer and Clemence (1961), and Cuk and
Burns (2004b) have applied evection to high-e and high-i
orbits.

The Lidov-Kozai (LK) (Lidov, 1962; Kozai, 1962) mech-
anism is an extremely important consequence of solar per-
turbations, but was not discovered until the Space Age. This
perturbation affects only objects with significantly inclined
orbits. In the simplest treatment of the LK mechanism (e.g.,
Innanen et al., 1997), the interactions are purely secular,
and the planet’s eccentricity has no direct role in the dynam-
ics. The only relevant angle is the argument of pericenter
®, which describes the orientation of the satellite’s line of
apsides relative to its line of nodes on the planet’s orbit.
During the precession cycle of ®, eccentricity and inclina-
tion are coupled in such a way that the normal component
of the angular momentum, H = v/1 — €2 cos i, is conserved.
Eccentricity is at maximum (and inclination at minimum)
when the line of apsides is perpendicular to the line of nodes
(0 =90° or ® =270°), while the minimum e and maximum
1 coincide with ® = 0° or ® = 180°. Satellites with inclina-
tions above 39.2° and below 140.8° can exhibit librations
of ® about 90° or 270°. The first real satellites found to be
in such a resonance were Saturn’s Ijiraq and Kiviuq (Vash-
kov’yak, 2001; Cuk et al., 2002; Nesvorny et al., 2003), but
LK librators are now known around all four giant planets,
including Euporie and Carpo at Jupiter, Margaret (S/2003
U3) at Uranus, and possibly Sao (S/2002 N2) and Neso (S/
2002 N4) at Neptune (Carruba et al., 2004).

Finally, the traditional secular interactions involving the
longitudes of pericenter (@) of both the perturber and per-
turbee also can have a significant effect on the irregulars.
Most distant irregulars (especially the retrograde jovians)
show a perturbation in eccentricity that is governed by the
angle between the satellite’s and the planet’s (or apparent
solar) line of apsides, ¥ = @ — ®', where @' is the planet’s
longitude of perihelion. While such perturbations are gen-
erally weaker than the evection and LK mechanisms, some
irregular satellites are known to be in secular resonance, i.e.,
the argument ‘¥ librates for some or all of the time. Jupiter’s
Pasiphae (Whipple and Shelus, 1993) and Sinope (Saha and
Tremaine, 1993) have W librating around 180°, while Sat-
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urn’s Siarnaq and Narvi exhibit complex circulations of ¥
(éuk et al., 2002; Nesvorny et al., 2003; Cuk and Burns,
2004b). While Pasiphae’s librations can be very long-lived,
none of these resonances appears to be primordial; instead,
the critical argument undergoes chaotic variation over many
millions of years (Nesvorny et al., 2003).

4.2. Long-Term Stability

Plate 8 clearly shows two trends among the irregular sat-
ellite orbits: They avoid high inclinations (60° <1i < 130°),
and the prograde satellites are never found outside about a
third of the Hill sphere, while the retrogrades extend out to
about Ry/2.

The paucity of high-inclination satellites at Jupiter was
explored in detail by Carruba et al. (2002). They show ana-
Iytically that the LK mechanism will cause an initially high-
inclination, circular orbit to become very eccentric at cer-
tain times during its secular cycle. This can lead to the orbit
intersecting those of the Galilean satellites for a part of the
irregular’s precession period, leading to an almost certain
collision over the age of the solar system. Carruba et al.
(2002) also performed numerical simulations for a grid of
high-i orbits and showed that the range of inclinations un-
stable to the above effect is in reality even wider than pre-
dicted by analytical theory, due to the perturbations from
the other three giant planets. Nesvorny et al. (2003) per-
formed analogous integrations for the other three giant plan-
ets, with similar results.

Carruba et al. (2002) also find that the center of the
“high-inclination hole” is slightly shifted away from 90°
toward the retrograde region. This stems from the apsidal
precession not being symmetric for prograde and retrograde
bodies, despite LK theory predicting identical behavior. The
asymmetric term is principally caused by the incomplete
averaging of the evection inequality (section 4.1). This extra
term was first found to have major effects on the precession
of the Moon by Clairaut in the eighteenth century [it almost
doubles the predicted precession rate based strictly on secu-
lar perturbations (Baum and Sheehan, 1997)]. The “secu-
lar evection” term always causes additional prograde pre-
cession of the apsides, which accelerates and decelerates
the precession of prograde and retrograde orbits, respec-
tively. Cuk and Burns (2004b) derived this term for orbits
of any eccentricity and inclination using classical celestial
mechanics. Beaugé et al. (2006) further improved the sec-
ular theory for irregulars using a more rigorous approach
based on Hori (1966).

Averaged evection also leads to the reduced stability of
prograde orbits. The feedback between the solar perturba-
tion and apsidal precession of prograde orbits leads to stron-
ger coupling and large swings in eccentricity. At sufficiently
large a, the apsidal precession rate will become comparable
to the Sun’s mean motion, turning the evection inequality
into a destabilizing resonance (Nesvorny et al., 2003). This
does not happen for retrograde orbits because their basic
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secular apsidal precession rate is retrograde. However, the
competition between the “normal” secular and “secular
evection” apsidal precession terms can lead to very slow
precession of distant retrograde orbits, which enables their
capture into secular resonances (see section 4.1). Solar octu-
pole perturbations that cause the secular resonance lock for
Pasiphae are relatively weak (Yokoyama et al., 2003), and
the resonance is possible only because the more important
apsidal precession terms nearly cancel each other (Cuk and
Burns, 2004b).

5. ORIGINS

5.1. Capture via Nebular Gas Drag

The first detailed hypothesis on the capture of irregular
satellites was formulated by Colombo and Franklin (1971).
They proposed that the two then-known groups of jovian
irregulars are remnants of two asteroids that collided while
passing through Jupiter’s Hill sphere. Such an outcome is
inconsistent with modern understanding of collisional dis-
ruption, and this hypothesis has been mostly abandoned.
Heppenheimer and Porco (1977) argued that capture could
have occurred while Jupiter’s primordial gas envelope was
collapsing, greatly increasing its mass in a short period of
time and leading to permanent capture of passing small bod-
ies. However, this scenario requires the future satellite to
share the Hill sphere of the planet with many Earth masses
of accreting gas. It can be shown (Nesvorny et al., 2007) that
the effects of aerodynamic drag on a small body will gener-
ally be more important than those of the planet’s changing
mass, making the above scenario unrealistic.

Pollack et al. (1979) proposed that it was this aerody-
namic drag in the collapsing envelope that produced the
capture. However, since the orbital in-spiraling due to drag
does not stop with capture, this method also requires a rela-
tively rapid collapse of the circumplanetary nebula in order
to remove the gas. Since gas drag affects smaller objects
more strongly, surviving objects must have just the right size
in order to be captured by drag but evolve slowly enough
to outlive the collapse of the gaseous envelope. Addition-
ally, any evolution by gas drag must have happened early,
before the formation of dynamical families, as there is no
indication of any relationship between size and either semi-
major axis or eccentricity for the irregulars (e.g., smaller
objects might be expected to be affected more strongly by
gas drag), as illustrated in Fig. 4.

Cuk and Burns (20044a) tested the Pollack et al. (1979)
scenario numerically and found that it could work for cer-
tain satellites, with the largest jovian irregular, Himalia,
being the most likely candidate for such a capture. If the
small body first goes through a temporary capture lasting
a few tens of orbits, its permanent capture can be achieved
in a much less dense gas environment than would be pos-
sible if the capture has to happen during a single passage.
Nevertheless, the nebula still needs to disappear on time-
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Fig. 4. The distribution of eccentricity and semimajor axis (scaled
by the Hill sphere radius, Ry;) as a function of estimated size for
all irregular satellites. Diameters are calculated assuming geometric
albedoes of 0.04-0.07, depending on author and planet. We see
that there is no positive correlation between satellite size and either
eccentricity or semimajor axis, such as might be expected if gas-
eous drag had significantly modified the current satellites’ orbits.
Symbols are as in Plate 1 and Figs. 2-3.

scales of 104103 yr in order for a Himalia-like body to sur-
vive, as there is no other way to stop its orbital evolution.

In principle, resonances can either capture a decaying
orbit or lift its pericenter (by giving the body in question a
negative eccentricity kick) and therefore save the irregulars
from collapse. Unfortunately, the only resonance that is cur-
rently strong enough to induce large changes in the satellite’s
eccentricity is the “great inequality,” in which the pericen-
ters of prograde saturnians are caught in the 1:2 commen-
surability with the 900-yr near-resonant perturbation of Ju-
piter and Saturn. This perturbation arises from the proximity
of these planets’ orbits to their mutual 2:5 mean-motion
resonance. Cuk and Burns (2004b) find that this resonance
can induce large secular variations in a satellite’s eccentric-
ity that eventually lead to instability, and note that reso-
nances of this type could have have had important effects
on irregular satellites during planetary migration (e.g., Hahn
and Malhotra, 1999; cf. Carruba et al., 2004).

Tsiganis et al. (2005; see also chapter by Morbidelli et
al.) proposed that Jupiter and Saturn crossed their mutual
1:2 resonance at some point in the past. Around the time of
this resonance crossing, their irregular satellites would be
subject to rapidly changing perturbations similar to the great
inequality, but likely stronger. Cuk and Gladman (2006)
postulated that continuous gas-drag capture and decay of
bodies caught in the inner disk (where the regular satellites
are now) would provide a steady-state population of bod-
ies on continuously decaying eccentric orbits that can then
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Uranus and Neptune, respectively. From Nesvorny et al. (2007).

have their pericenters raised by the resonance passage. They
numerically tested this hypothesis and found that a signifi-
cant fraction of very high-e satellites of Saturn would have
their eccentricities lowered by such a resonance passage.
Their results show that the a and i distributions of bodies
so stabilized strongly resemble the known irregular satel-
lites, while the theoretical eccentricities are a little too high
compared to the observed ones. A similar mechanism could
also help capture permanent irregulars around Uranus and
Neptune if they have ever crossed a resonance with Saturn
(the orbits of the outer irregulars of Uranus also match the
theoretical predictions for this mechanism). This mechanism
does not work well for Jupiter, and it seems likely that other
mechanisms helped capture its irregulars (see next section).

While Cuk and Gladman (2006) use the basic framework
of Tsiganis et al. (2005), namely the Jupiter-Saturn reso-
nance crossing, their model is not consistent with the full
Nice model (see chapter by Morbidelli et al. and section 5.2
below). The scattering phase following the resonance cross-
ing that Cuk and Gladman (2006) use to capture irregulars

would also destroy any prior distant satellites, including
those captured during the resonance crossing itself.

5.2. Purely Dynamical Capture Mechanisms

While a permanent capture is impossible in the gravita-
tional three-body problem (Sun, planet, satellite), the pres-
ence of a fourth body can change this. Nesvorny et al. (2007)
find that in the context of Tsiganis et al. (2005; also called
the “Nice model,” see chapter by Morbidelli et al.), there
are two distinct classes of encounters that could in principle
result in irregular satellites. One involves encounters be-
tween a giant planet and a binary planetesimal, while the
other involves encounters between two giant planets dur-
ing the scattering phase of the Nice model, with the latter
being more promising. One of the ice giants (Uranus or
Neptune) typically has a few encounters with Saturn, while
the two can have hundreds of mutual close fly-bys. While
the Hill spheres of the two planets overlap, planetesimals
passing through that region can get enough of a velocity
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kick relative to one of the planets to become its permanent
satellites.

Nesvorny et al. (2007) tested this idea numerically, using
the results of Gomes et al. (2005) to generate their initial
conditions. They found this process to be efficient, produc-
ing a large number of stable irregulars at Saturn and an even
larger number at Uranus and Neptune (see Fig. 5). The or-
bital distribution of these irregulars is mostly random within
the stable region, except that very distant retrograde satel-
lites rarely form. This is consistent with the present uranian
irregular system, but only partially consistent with the sat-
urnian one, where there are distinct “inclination groups”
(Gladman et al., 2001a) (see section 2.3). While the over-
all mass of captured irregulars in their model is more than
adequate to account for the present irregulars, the observed
size distribution is much shallower (has fewer small bodies)
than that of present-day TNOs. This might be a consequence
of a different past size distribution of TNOs, observational
bias, or other unmodeled processes.

Since Jupiter does not experience any close encounters
with the other planets in the Nice model, none of its irregu-
lar satellites could have been captured by this mechanism.
Since the mechanism of Cuk and Gladman (2006) cannot
explain most jovians either, there is a discrepancy between
theoretical expectations (which predict that jovians should
be different) and observations of similar size distributions
for irregular satellites around all four giant planets (cf. sec-
tion 3.1). Either this similarity is just a coincidence or is
due to significant collisional evolution, as discussed below,
or the models of both Cuk and Gladman (2006) and Nes-
vorny et al. (2007) need modfication, with the overall “Nice
model” possibly requiring some fine-tuning.

5.3. Collisional Evolution and Families

The osculating orbits of irregular satellites are not con-
stant on century timescales due to gravitational perturba-
tions from the Sun and the other planets (see section 4.1).
To determine which irregular satellites have similar orbits
and may thus share a common origin, more constant orbital
elements must first be defined. Several numerical and ana-
lytical methods have been developed for this purpose. The
simplest method is to integrate numerically the satellites’
orbits over a suitably long timescale and determine the mean
of their semimajor axes, eccentricities, and inclinations
(hereafter denoted (a), {e), and (i)). This is the method
adopted by Nesvorny et al. (2003), as well as by R. A. Ja-
cobson in generating the widely used mean orbital elements
listed on the JPL HORIZONS website (http://ssd.jpl.nasa.
gov/?horizons). Precise analytic definition of constant or-
bit elements is more difficult to achieve but is more flex-
ible and can be easily repeated at low CPU cost when the
orbit determinations improve (Beaugé and Nesvorny, 2007).

Figure 6 illustrates the distribution of numerically de-
fined (a), {e), and (i) for the jovian retrograde satellites. As
first noted by Sheppard and Jewitt (2003) and Nesvorny et
al. (2003), two groups of tightly clustered orbits are appar-
ent around Ananke and Carme. A third group around Pa-
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Fig. 6. Averaged orbital elements for the retrograde irregular sat-
ellites of Jupiter, from unpublished work by R. A. Jacobson (see
http://ssd.jpl.nasa.gov). The orbits of many moons are tightly clus-
tered around the orbits of Ananke and Carme, suggesting the possi-
bility of common origins. Many of the remaining objects are more
loosely grouped about the orbits of Pasiphae and Sinope (a; = 23.9;
e =0.250; i = 158°), but the statistical significance of this concen-
tration is unclear.

siphae has also been proposed, although in this case the
statistical significance of the concentration is low due to a
small number of known orbits in the cluster. These satellite
groups are reminiscent of the distribution of orbits in the
main asteroid belt, where disruptive collisions between as-
teroids produced groups of fragments sharing similar orbits
[the so-called asteroid families (Hirayama, 1918; Zappald
et al., 1994)].

The dispersion of orbits in the Ananke and Carme groups
(hereafter families) corresponds to ejection speeds of 50 m/s,
which nicely corresponds to values expected for the colli-
sional breakup of putative 50-km-diameter parent satellites.
Conversely, the prograde Himalia group at Jupiter and the
so-called inclination groups at Saturn (e.g., the Phoebe
group; see section 2.3) would indicate much larger ejection
speeds that may be difficult to reconcile with what we know
about large-scale disruptive collisions (Nesvorny et al.,
2003; Grav and Bauer, 2007). Therefore, either the orbits



in these groups evolved significantly after their formation
(Christou et al., 2005) or they were captured separately;
Christou et al. argue for the collisional origin of the Himalia
group. These results are in broad agreement with photomet-
ric observations, described in section 3.2, which show that
objects in the Himalia, Ananke, and Carme families have
similar colors, indicating similar physical properties (as
expected for breakup of mineralogically homogeneous ob-
jects), while those in the Phoebe group at Saturn show sub-
stantial color diversity (Grav et al., 2003; Grav and Bauer,
2007). As discussed in section 2.3 above, no unambiguous
orbital clusters have been found at Uranus and Neptune,
perhaps due to the smaller numbers of currently known ir-
regular moons at these planets.

Nesvorny et al. (2003), following Kessler (1981), cal-
culated the rates of disruptive collisions between irregular
moons. They found that (1) the large irregular moons must
have collisionally eliminated many small irregular moons,
thus shaping their population to the currently observed struc-
tures; (2) Phoebe’s surface must have been heavily cratered
by impacts from an extinct population of saturnian irregular
moons, much larger than the present one; and (3) disrup-
tive collisions between jovian irregular moons cannot ex-
plain their orbital groupings. The first of these findings may
account for the similarity in the size distributions noted in
section 3.1.

The current impact rate on these moons from kilome-
ter-sized comets and escaped Trojan asteroids is negligible
(Nakamura, 1993; Zahnle et al., 2003). It has therefore been
proposed that the origin of the Carme and Ananke families
(and the Pasiphae family, if confirmed) dates back to early
epochs of the solar system when impactors were more nu-
merous (Sheppard and Jewitt, 2003). Nesvorny et al. (2004)
analyzed the scenario whereby the satellite families form
early by collisions between large parent moons and plan-
etesimals. They found that the Ananke and Carme families
at Jupiter could have been produced by these collisions
unless the residual disk of planetesimals in heliocentric orbit
was already severely depleted when the irregular satellites
formed. Conversely, they found that formation of the Hi-
malia group of prograde jovian satellites by the same mech-
anism was unlikely unless a massive residual planetesimal
disk was still present when the progenitor moon of the Hi-
malia group was captured. These results help to place con-
straints on the mass of the residual disk when satellites were
captured, and when the Ananke and Carme families formed.
Unfortunately, these constraints also depend sensitively on
the assumed size-frequency distribution of planetesimals in
the disk at 5-30 AU.

6. INDIVIDUAL OBJECTS
6.1. Phoebe
To date, Phoebe is the only irregular satellite, besides
Triton, that has been studied in detail by spacecraft. Low-

resolution Voyager images showed it to be an irregularly
shaped body, roughly 100 km in radius, with some bright-
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ness variations on its surface. The Cassini flyby of Decem-
ber 12, 2004, provided the first close look at an object of
this type. In addition to providing information on this sat-
ellite’s volatile-rich surface composition, the Cassini data
on Phoebe’s shape and mass determined from tracking data
provide a value for its mean density, a key constraint on its
bulk composition.

Phoebe’s mean radius is 106.6 = 1 km and its mean den-
sity is 1630 + 45 kg m=3 (Porco et al., 2005). This density
suggests a bulk composition consisting of a mixture of water
ice and silicate, with the proportions depending on the
amount of porosity present in this small body. Porco et al.
note that even for zero porosity, Phoebe’s density is higher
than that of the regular satellites (Titan’s uncompressed
density is ~1500 kg m=3, while the average density of the
smaller icy satellites is only ~1300 kg m—3), consistent with
its assumed origin from outside the forming Saturn system.
Its actual material density is probably even higher since it is
plausible that Phoebe has significant bulk porosity, due to
the low pressures in its interior (<4 MPa). Jupiter’s moon,
Amalthea, for instance, is about the same size as Phoebe, but
with a density of 857 + 99 kg m=3 (Anderson et al., 2005).

Johnson and Lunine (2005) calculate that for a porosity
of only 15%, Phoebe’s material density would be similar to
the uncompressed densities of Pluto and Triton (~1900 kg
m-3). This would be consistent with an origin in the outer
protoplanetary nebula with about 70% of the carbon in the
form of CO, given current revised solar abundances of C
and O. They point out, however, that pure solar composi-
tion equilibrium condensation does not easily explain the
low densities of the regular satellites. Another uncertainty
is the amount of carbon in solid form during the conden-
sation process. Given these uncertainties, perhaps the best
general conclusion about Phoebe’s composition is that it is
probably a body with at least modest bulk porosity and a
material density indicating a silicate-rich composition com-
pared with Saturn’s regular satellites. Combined with the
observed water ice and volatiles on its surface (Clark et al.,
2005), this suggests that it formed originally in the outer
parts of the solar nebula from a reservoir of material simi-
lar to that which formed Pluto and Triton.

6.2. Triton and Nereid

Triton and Nereid satisfy some but not all criteria for be-
ing irregular. Triton’s orbit is retrograde, but close to Nep-
tune and circular, while that of Nereid is large and eccentric,
although Nereid might not be a captured body.

McCord (1966) and McKinnon (1984) proposed that
Triton is a captured satellite, whose originally eccentric orbit
was circularized due to tidal dissipation within Triton. Gold-
reich et al. (1989) proposed that Triton was captured from
heliocentric orbit by a collision with a preexisting satellite,
and its initial high-eccentricity orbit then evolved due to
tidal dissipation. McKinnon and Leith (1995) proposed that
Triton was captured and evolved by gas drag, but this hy-
pothesis has been less widely accepted than collisional cap-
ture. Agnor and Hamilton (2006) recently proposed a three-
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body capture scenario for Triton. They suggest precapture
Triton may have been a member of a binary whose disrup-
tion during a Neptune encounter led to Triton’s capture and
its companion’s escape.

Neptune almost certainly had preexisting regular satel-
lites, likely similar to those of Uranus (with a total mass of
about 40% that of Triton). Cuk and Gladman (2005) show
that the largest (hypothetical) satellites of Neptune would
collide with each other after only ~103 yr if perturbed by
an eccentric and inclined early Triton, and then be ground
into a disk. This disk would largely be accreted by Triton,
causing rapid orbital decay, with final circularization due
to tidal dissipation. In this picture, Triton is not simply a
captured TNO, but an amalgamation of a large captured
object and a significant amount of regular satellite material.

Goldreich et al. (1989) suggested that Nereid was a regu-
lar moon of Neptune, scattered onto an irregular orbit by the
newly captured Triton. This agrees with Nereid being pro-
grade, as well as with its icy spectrum (Brown et al., 1998),
and opens the possibility that there could exist other, smaller
bodies in similar orbits. Even after their orbits decoupled,
Triton would have perturbed Nereid (and other relatively
close-in irregulars) more strongly than the Sun. Cuk and
Gladman (2005) find that test particles perturbed by a mas-
sive interior body with large e and i can oscillate between
high-i prograde and retrograde orbits. Therefore, high-i ret-
rograde objects could also be fragments of regular satel-
lites.

Acknowledgments. The work described in this paper was
carried out with support from NASA’s Planetary Astronomy pro-
gram (P.D.N.) and the National Science Foundation (D.N.). S.S.S.
was supported by NASA through Hubble Fellowship grant #HF-
01178.01-A awarded by the Space Telescope Science Institute,
which is operated by the Association of Universities for Research
in Astronomy, Inc., for NASA, under contract NAS 5-26555. M.C.
acknowledges support from the Canadian Institute for Theoreti-
cal Astrophysics (CITA) and the Natural Sciences and Engineer-
ing Research Council (NSERC) of Canada. A portion of this work
was done at the Jet Propulsion Laboratory, California Institute of
Technology, under a contract from NASA.

REFERENCES

Agnor C. B. and Hamilton D. P. (2006) Neptune’s capture of its
moon Triton in a binary-planet gravitational encounter. Nature,
441, 192-194.

Anderson J. D., Johnson T. V., Schubert G., Asmar S., Jacobson
R. A., Johnston D., Lau E. L., Lewis G., Moore W. B., Taylor
A., Thomas P. C., and Weinwurm G. (2005) Amalthea’s density
is less than that of water. Science, 308, 1291-1293.

Barucci A., Belskaya 1., Fulchignoni M., and Birlan M. (2005)
Taxonomy of Centaurs and trans-neptunian objects. Astron. J.,
130, 1291-1298.

Bauer J., Grav T., Buratti B., and Hicks M. (2006) The phase curve
survey of the irregular saturnian satellites: A possible method
of physical classification. Icarus, 184, 181-197.

Baum R. and Sheehan W. (1997) In Search of Planet Vulcan.
Plenum, New York.

Beaugé C. and Nesvorny D. (2007) Proper elements and secular
resonances of irregular satellites. Astron. J., 133, 2537-2558.

Beaugé C., Nesvorny D., and Dones L. (2006) A high-order ana-
lytical model for the secular dynamics of irregular satellites.
Astron. J., 131, 2299-2313.

Bernstein G., Trilling D., Allen R., Brown M., and Malhotra R.
(2004) The size distribution of trans-neptunian bodies. Astron.
J., 128, 1364-1390.

Brouwer D. and Clemence G. M. (1961) Methods of Celestal Me-
chanics. Academic, New York.

Brown M. E. (2000) Near-infrared spectroscopy of Centaurs and
irregular satellites. Astron. J., 119, 977-983.

Brown M. E., Koresko C. D., and Blake G. A. (1998) Detection
of water ice on Nereid. Astrophys. J. Lett., 508, L175-L176.

Buratti B., Hicks M., and Davies A. (2005) Spectrophotometry
of the small satellites of Saturn and their relationship to Iapetus,
Phoebe, and Hyperion. Icarus, 175, 490-495.

Burns J. A. (1986a) Some background about satellites. In Satellites
(J. A. Burns and M. S. Matthews, eds.), pp. 1-38. Univ. of
Arizona, Tucson.

Burns J. A. (1986b) The evolution of satellite orbits. In Satellites
(J. A. Burns and M. S. Matthews, eds.), pp. 117-158. Univ. of
Arizona, Tucson.

Canup R. M. and Ward W. R. (2002) Formation of the Galilean
satellites: Conditions of accretion. Astron. J., 124, 3404-3423.

Carruba V., Burns J. A., Nicholson P. D., and Gladman B. J. (2002)
On the inclination distribution of the jovian irregular satellites.
Icarus, 158, 434-449.

Carruba V., Nesvorny D., Burns J. A., Cuk M., and Tsiganis K.
(2004) Chaos and the effects of planetary migration on the orbit
of S/2000 S5 Kiviuq. Astron. J., 128, 1899-1915.

Chamberlain M. and Brown R. (2004) Near-infrared spectroscopy
of Himalia. Icarus, 172, 163—-169.

Christou A. A. (2005) Gravitational scattering within the Himalia
group of jovian prograde irregular satellites. Icarus, 174, 215—
229.

Clark R., Brown R., Jaumann R., Cruikshank D., et al. (2005)
Compositional maps of Saturn’s moon Phoebe from imaging
spectroscopy. Nature, 435, 66—69.

Colombo G. and Franklin F. A. (1971) On the formation of the
outer satellite groups of Jupiter. Icarus, 15, 186—189.

Cruikshank D. (1977) Radii and albedos of four Trojan asteroids
and jovian satellites 6 and 7. Icarus, 30, 224-230.

Cruikshank D., Stansberry J., Emery J., Fernandez Y., Werner M.,
Trilling D., and Rieke G. (2005) The high-albedo of Kuiper
belt object (55565) 2002 AW o,. Astrophys. J. Lett., 624, 1L53—
L56.

Cuk M. and Burns J. A. (2004a) Gas-drag-assisted capture of
Himalia’s family. Icarus, 167, 369-381.

Cuk M. and Burns J. A. (2004b) On the secular behavior of the
irregular satellites. Astron. J., 128, 2518-2541.

Cuk M. and Gladman B. J. (2005) Constraints on the orbital evo-
lution of Triton. Astrophys. J. Lett., 626, L113-L116.

Cuk M. and Gladman B. J. (2006) Irregular satellite capture during
planetary resonance passage. Icarus, 183, 362-372.

Cuk M., Burns J. A., Carruba V., Nicholson P. D., and Jacobson
R. A. (2002) New secular resonances involving the irregular
satellites of Saturn. Bull. Am. Astron. Soc., 34, 943.

Degewij J., Zellner B., and Andersson L. E. (1980) Photometric
properties of outer planetary satellites. Icarus, 44, 520-540.

Elliot J. L. and 10 colleagues (2005) The deep ecliptic survey: A



search for Kuiper belt objects and Centaurs. II. Dynamical
classification, the Kuiper belt plane, and the core population.
Astron. J., 129, 1117-1162.

Fernandez Y., Sheppard S., and Jewitt D. (2003) The albedo dis-
tribution of jovian Trojan asteroids. Astron. J., 126, 1563-1574.

Fornasier S., Dotto E., Marzari F., Barucci M., Boehnhardt H.,
Hainaut O., and de Bergh C. (2004) Visible spectroscopic and
photometric survey of L5 Trojans: Investigation of dynamical
families. Icarus, 172, 221-232.

Geballe T., Dalle Ore C., Cruikshank D., and Owen T. (2002) The
1.95-2.50 micron spectrum of J6 Himalia. Icarus, 159, 542—
544.

Gladman B. J., Nicholson P. D., Burns J. A., Kavelaars J. J.,
Marsden B. G., Williams G. V., and Offutt W. B. (1998a) Dis-
covery of two distant irregular moons of Uranus. Nature, 392,
897-899.

Gladman B., Kavelaars J. J., Nicholson P. D., Loredo T. J., and
Burns J. A. (1998b) Pencil-beam surveys for faint trans-neptu-
nian objects. Astron. J., 116, 2042-2054.

Gladman B., Kavelaars J., Holman M., Petit J.-M., Scholl H.,
Nicholson P., and Burns J. A. (2000) NOTE: The discovery of
Uranus XIX, XX, and XXI. Icarus, 147, 320-324.

Gladman B. and 10 colleagues (2001a) Discovery of 12 satellites
of Saturn exhibiting orbital clustering. Nature, 412, 163-166.

Gladman B., Kavelaars J., Petit J-M., Morbidelli A., Holman M.,
and Loredo T. (2001b) The structure of the Kuiper belt: Size
distribution and radial extent. Astron. J., 122, 1051-1066.

Goldreich P., Murray N., Longaretti P. Y., and Banfield D. (1989)
Neptune’s story. Science, 245, 500-504.

Gomes R., Levison H. F., Tsiganis K., and Morbidelli A. (2005)
Origin of the cataclysmic late heavy bombardment period of the
terrestrial planets. Nature, 435, 466—469.

Grav T. and Bauer J. (2007) A deeper look at the colors of the sat-
urnian irregular satellites. Icarus, 191, 267-285.

Grav T. and Holman M. (2004) Near-infrared photometry of the
irregular satellites of Jupiter and Saturn. Astrophys. J. Lett.,
605, L141-L144.

Grav T., Holman M., Gladman B., and Aksnes K. (2003) Photo-
metric survey of the irregular satellites. Icarus, 166, 33-45.

Grav T., Holman M., and Fraser W. (2004) Photometry of irregular
satellites of Uranus and Neptune. Astrophys. J. Lett., 613, L77—
L80.

Grundy W., Noll K., and Stephens D. (2005) Diverse albedos of
small trans-neptunian objects. Icarus, 176, 184—191.

Hahn J. M. and Malhotra R. (1999) Orbital evolution of planets
embedded in a planetesimal disk. Astron. J., 117, 3041-3053.

Heppenheimer T. A. and Porco C. (1977) New contributions to the
problem of capture. Icarus, 30, 385-401.

Hirayama K. (1918) Groups of asteroids probably of common ori-
gin. Astron. J., 31, 185-188.

Holman M. J. and 13 colleagues (2004) Discovery of five irregular
moons of Neptune. Nature, 430, 865-867.

Hori G. (1966) Theory of general perturbation with unspecified
canonical variable. Publ. Astron. Soc. Japan, 18, 287-296.
Innanen K. A., Zheng J. Q., Mikkola S., and Valtonen M. J. (1997)
The Kozai mechanism and the stability of planetary orbits in

binary star systems. Astron. J., 113, 1915-1919.

Jarvis K., Vilas F., Larson S., and Gaffey M. (2000) JVI Himalia:
New compositional evidence and interpretations for the origin
of Jupiter’s small satellites. Icarus, 145, 445-453.

Jewitt D. (2002) From Kuiper belt object to cometary nucleus:

423

Nicholson et al.: Irregular Satellites of the Giant Planets

The missing ultrared matter. Astron. J., 123, 1039-1049.

Jewitt D. (2005) A first look at the damocloids. Astron. J., 129,
530-538.

Jewitt D. and Luu J. (2001) Colors and spectra of Kuiper belt ob-
jects. Astron. J., 122, 2099-2114.

Jewitt D. and Sheppard S. (2005) Irregular satellites in the context
of planet formation. Space Sci. Rev., 116, 441-455.

Johnson T. V. and Lunine J. 1. (2005) Saturn’s moon Phoebe as a
captured body from the outer solar system. Nature, 435, 69—
71.

Kavelaars J. J., Holman M. J., Grav T., Milisavljevic D., Fraser
W., Gladman B. J., Petit J.-M., Rousselot P., Mousis O., and
Nicholson P. D. (2004) The discovery of faint irregular satel-
lites of Uranus. Icarus, 169, 474-48]1.

Kessler D. J. (1981) Derivation of the collision probability between
orbiting objects: The lifetimes of Jupiter’s outer moons. Ica-
rus, 48, 39-48.

Kowal C., Aksnes K., Marsden B., and Roemer E. (1975) Thir-
teenth satellite of Jupiter. Icarus, 80, 460-464.

Kozai Y. (1962) Secular perturbations of asteroids with high incli-
nation and eccentricity. Astron J., 67, 591-598.

Kuiper G. P. (1961) Limits of completeness. In The Solar System,
Vol. IlI: Planets and Satellites (G. P. Kuiper and B. M. Mid-
dlehurst, eds.), pp. 575-591. Univ. of Chicago, Chicago.

Lidov M. L. (1962) The evolution of orbits of artificial satellites of
planets under the action of gravitational perturbations of exter-
nal bodies. Planet. Space Sci., 9, 719-759.

Luu J. (1991) CCD photometry and spectroscopy of the outer
jovian satellites. Astron. J., 102, 1213-1225.

Luu J. X. and Jewitt D. (1988) A two-part search for slow-moving
objects. Astron. J., 95, 1256-1262.

Maris M., Carraro G., Cremonese G., and Fulle M. (2001) Multi-
color photometry of the Uranus irregular satellites Sycorax and
Caliban. Astron. J., 121, 2800-2803.

McCord T. B. (1966) Dynamical evolution of the neptunian sys-
tem. Astron J., 71, 585-590.

McKinnon W. B. (1984) On the origin of Triton and Pluto. Na-
ture, 311, 355-358.

McKinnon W. B. and Leith A. C. (1995) Gas drag and the orbital
evolution of a captured Triton. Icarus, 118, 392-413.

Morbidelli A., Levison H. F., Tsiganis K., and Gomes R. (2005)
Chaotic capture of Jupiter’s Trojan asteroids in the early solar
system. Nature, 435, 462-465.

Mosqueira I. and Estrada P. R. (2003) Formation of the regular
satellites of giant planets in an extended gaseous nebula I:
Subnebula model and accretion of satellites. Icarus, 163, 198—
231.

Nakamura A. M. (1993) Laboratory Studies on the Velocity of
Fragments from Impact Disruptions. ISAS Report 651, Insti-
tute of Space and Astronautical Science, Tokyo.

Nesvorny D., Alvarellos J. L. A., Dones L., and Levison H. F.
(2003) Orbital and collisional evolution of the irregular satel-
lites. Astron. J., 126, 398-429.

Nesvorny D., Beaugé C., and Dones L. (2004) collisional origin
of families of irregular satellites. Astron. J., 127, 1768-1783.

Nesvorny D., Vokrouhlicky D., and Morbidelli A. (2007) Capture
of irregular satellites during planetary encounters. Astron. J.,
133, 1962-1976.

Nicholson P. D. and Gladman B. J. (2006) Satellite searches at
Pluto and Mars. Icarus, 181, 218-222.

Owen T., Cruikshank D., Dalle Ore C., Geballe T., Roush T., and



424 The Solar System Beyond Neptune

de Bergh C. (1999) Detection of water ice on Saturn’s satel-
lite Phoebe. Icarus, 139, 379-382.

Peale S. J. (1999) Origin and evolution of the natural satellites.
Annu. Rev. Astron. Astrophys., 37, 533—602.

Peixinho N., Lacerda P., Ortiz J., Doressoundiram A., Roos-Serote
M., and Gutierrez P. (2001) Photometric study of Centaurs
10199 Chariklo (1997 CUy) and 1999 UGs. Astron. Astro-
phys., 371, 753-759.

Petit J.-M., Holman M., Scholl H., Kavelaars J., and Gladman B.
(2004) A highly automated moving object detection package.
Mon. Not. R. Astron. Soc., 347, 471-480.

Pollack J. B., Burns J. A., and Tauber M. E. (1979) Gas drag in
primordial circumplanetary envelopes — A mechanism for
satellite capture. Icarus, 37, 587-611.

Porco C. C. and 23 colleagues (2003) Cassini imaging of Jupiter’s
atmosphere, satellites, and rings. Science, 299, 1541-1547.
Porco C. C. and 34 colleagues (2005) Cassini imaging science:

Initial results on Phoebe and lapetus. Science, 307, 1237-1242.

Rettig T., Walsh K., and Consolmagno G. (2001) Implied evolu-
tionary differences of the jovian irregular satellites from a BVR
color survey. Icarus, 154, 313-320.

Romon J., de Bergh C., Barucci M., Doressoundiram A., Cuby
J., Le Bras A., Doute S., and Schmitt B. (2001) Photometric
and spectroscopic observations of Sycorax, satellite of Uranus.
Astron. Astrophys., 376, 310-315.

Saha P. and Tremaine S. (1993) The orbits of the retrograde jovian
satellites. Icarus, 106, 549-562.

Sheppard S. S. and Jewitt D. C. (2003) An abundant population of
small irregular satellites around Jupiter. Nature, 423, 261-263.

Sheppard S. and Trujillo C. (2006) A thick cloud of Neptune Tro-
jans and their colors. Science, 313, 511-514.

Sheppard S. S., Jewitt D., and Kleyna J. (2004) A survey for outer
satellites of Mars: Limits to completeness. Astron. J., 128,
2542-2546.

Sheppard S. S., Jewitt D., and Kleyna J. (2005) An ultradeep sur-
vey for irregular satellites of Uranus: Limits to completeness.
Astron. J., 129, 518-525.

Sheppard S., Jewitt D., and Kleyna J. (2006) A survey for “nor-
mal” irregular satellites around Neptune: Limits to complete-
ness. Astron. J., 132, 171-176.

Showalter M. R., Hamilton D. P., and Nicholson P. D. (2001) A
search for martian dust rings. Bull. Am. Astron. Soc., 33, 1095.

Simonelli D., Kay J., Adinolfi D., Veverka J., Thomas P., and
Helfenstein P. (1999) Phoebe: Albedo map and photometric
properties. Icarus, 138, 249-258.

Stern S. A., Parker J. W., Fesen R. A., Barker E. S., and Trafton
L. M. (1991) A search for distant satellites of Pluto. Icarus,
94, 246-249.

Stern S. A., Parker J. W., Duncan M. J., Snowdall J. C.J., and
Levison H. F. (1994) Dynamical and observational constraints
on satellites in the inner Pluto-Charon system. Icarus, 108,
234-242.

Stevenson D. J., Harris A. W., and Lunine J. I. (1986) Origins of
satellites. In Satellites (J. A. Burns and M. S. Matthews, eds.),
pp. 38-88. Univ. of Arizona, Tucson.

Sykes M., Nelson B., Cutri R., Kirkpatrick D., Hurt R., and Skrut-
skie M. (2000) Near-infrared observations of the outer jovian
satellites. Icarus, 143, 371-375.

Tegler S. and Romanishin W. (2000) Extremely red Kuiper-belt
objects in near-circular orbits beyond 40 AU. Nature, 407, 979—
981.

Tholen D. and Zellner B. (1984) Multicolor photometry of outer
jovian satellites. Icarus, 58, 246-253.

Thomas P., Veverka J., and Dermott S. (1986) Small satellites. In
Satellites (J. A. Burns and M. S. Matthews, eds.), pp. 802-835.
Univ. of Arizona, Tucson.

Thomas P., Veverka J., and Helfenstein P. (1991) Voyager observa-
tions of Nereid. J. Geophys. Res., 96, 19253.

Trujillo C. and Brown M. (2002) A correlation between inclina-
tion and color in the classical Kuiper belt. Astrophys. J. Lett.,
566, L125-L128.

Trujillo C., Jewitt D., and Luu J. (2001) Properties of the trans-
Neptunian belt: Statistics from the Canada-France-Hawaii tele-
scope survey. Astron. J., 122, 457-473.

Tsiganis K., Gomes R., Morbidelli A., and Levison H. F. (2005)
Origin of the orbital architecture of the giant planets of the solar
system. Nature, 435, 459-461.

Vashkov’yak M. A. (2001) Orbital evolution of Saturn’s new outer
satellites and their classification. Astron. Lett., 27, 455-463.

Whipple A. L. and Shelus P. J. (1993) A secular resonance be-
tween Jupiter and its eighth satellite? Icarus, 101, 265-271.

Yokoyama T., Santos M. T., Cardin G., and Winter O. C. (2003)
On the orbits of the outer satellites of Jupiter. Astron. Astro-
phys., 401, 763-772.

Weaver H. A., Stern S. A., Mutchler M. J., Steffl A. J., Buie M. W.,
Merline W.J., Spencer J. R., Young E. F., and Young L. A.
(2006) Discovery of two new satellites of Pluto. Nature, 439,
943-945.

Zahnle K., Schenk P., Levison H. F., and Dones L. (2003) Cra-
tering rates in the outer solar system. Icarus, 163, 263-289.

Zappald V., Cellino A., Farinella P., and Milani A. (1994) Aster-
oid families. 2: Extension to unnumbered multiopposition as-
teroids. Astron. J., 107, 772-801.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Arnprior
    /BaskOldFace
    /Bauhaus93
    /Baveuse
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /Berylium
    /Berylium-BoldItalic
    /BlackadderITC-Regular
    /BlueHighway
    /BlueHighway-Bold
    /BlueHighwayCondensed
    /BlueHighwayDType
    /BlueHighwayLinocut
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /BurnstownDam
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /CarbonBlock
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CreditValley
    /CreditValley-Bold
    /CreditValley-BoldItalic
    /CreditValley-Italic
    /CurlzMT
    /EarwigFactory
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /FelixTitlingMT
    /FencesPlain
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FrizQuadrata
    /FrizQuadrata-Bold
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GreekTilde-Regular
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HurryUp
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kredit
    /KristenITC-Regular
    /Krystoid
    /KunstlerScript
    /Latha
    /LatinWide
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinyaNouvelle
    /MinyaNouvelleBold
    /MinyaNouvelleBoldItalic
    /MinyaNouvelleItalic
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MT-Extra
    /MVBoli
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Regular
    /Neuropol
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PlanetBenson2
    /Playbill
    /PoorRichard-Regular
    /Pristina-Regular
    /Pupcat
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /Stencil
    /Stereofidelic
    /SybilGreen
    /Sylfaen
    /Symbol
    /SymbolBar-Regular
    /SymbolCarat-Regular
    /SymbolDot-Regular
    /SymbolMT
    /SymbolTilde-Regular
    /Tahoma
    /Tahoma-Bold
    /Teen
    /Teen-Bold
    /Teen-BoldItalic
    /Teen-Italic
    /TeenLight
    /TeenLight-Italic
    /TempusSansITC
    /TimesAccent-Italic
    /TimesAccent-Roman
    /TimesBar-Roman
    /Times-Bold
    /Times-BoldItalic
    /TimesCarat-Bold
    /TimesCarat-Roman
    /TimesDot-Italic
    /TimesDot-Regular
    /TimesDownCarat-Bold
    /TimesDownCarat-Italic
    /TimesDownCarat-Roman
    /Times-Italic
    /TimesMath-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /TimesSpecial-Bold
    /TimesSpecial-Italic
    /TimesSpecial-Roman
    /Times-Tilde-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /VariableRho-Regular
    /VariableRhoTilde-Regular
    /VarRho-Regular
    /VelvendaCooler
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Waker
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


