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An abundant population of small
irregular satellites around Jupiter
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Irregular satellites have eccentric orbits that can be highly
inclined or even retrograde relative to the equatorial planes of
their planets. These objects cannot have formed by circumplan-
etary accretion, unlike the regular satellites that follow unin-
clined, nearly circular and prograde orbits'. Rather, they are
probably products of early capture from heliocentric orbits>™.
Although the capture mechanism remains uncertain, the study of
irregular satellites provides a window on processes operating in
the young Solar System. Families of irregular satellites recently
have been discovered around Saturn (thirteen members, refs 6, 7),
Uranus (six, ref. 8) and Neptune (three, ref. 9). Because Jupiter is
closer than the other giant planets, searches for smaller and
fainter irregular satellites can be made. Here we report the
discovery of 23 new irregular satellites of Jupiter, so increasing
the total known population to 32. There are five distinct satellite
groups, each dominated by one relatively large body. The groups
were most probably produced by collisional shattering of pre-
cursor objects after capture by Jupiter.

Starting with JVI Himalia in 1904, most twentieth-century
discoveries of planetary satellites were made using photographic
plates. The recent development of more sensitive, large-scale
charge-coupled device (CCD) detectors has refreshed the subject
by enabling a new wave of satellite discovery. We have begun a
systematic survey designed to assess the properties of the Jupiter
satellite population. Bound satellites are confined to the region of
gravitational influence of Jupiter, known as the Hill sphere. The Hill
sphere radius is
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where a; and m; are the semi-major axis and mass of Jupiter and
Mg is the mass of the Sun. With a; =~ 5au and m;/Mg =~ 1073,
Jupiter’s Hill radius is ry = 0.35auU (~740 Jupiter radii) corre-
sponding to a circle of radius 4.7 degrees in the plane of the sky,
when viewed at opposition (area =70 square degrees). Jupiter’s Hill
sphere, as seen in the plane of the sky, is 2.5 times the area of Saturn’s
and ten times the area of Uranus’s and Neptune’s. We surveyed the
region around Jupiter from about 0.15 to 4.5 degrees (0.03 =
r/ru = 0.95), eventually finding 23 new satellites’®** (Fig. 1 and
Table 1). Follow-up astrometry over periods of months was used to
confirm association with Jupiter, making use of orbit-fitting calcu-
lations by B. Marsden and R. Jacobson. Satellites in retrograde orbits
have semi-major axes that are all less than 0.47r (0.27r for the
progrades) as is true for all known irregular satellites®. Some Jupiter
satellites currently have apojoves up to 0.65r .

At present it is practically impossible for Jupiter to capture
satellites permanently because no efficient dissipation mechanism
exists?, Satellite capture could have occurred more easily towards
the end of Jupiter’s formation epoch owing to gas drag from an
extended Jupiter atmosphere, the enlargement of the Hill sphere
caused by the planet’s mass growth and/or higher collision prob-
abilities with nearby small bodies®™. If so, satellite capture occurred
on the same (short but uncertain) timescale as Jupiter’s growth,
probably in the range 10* to 107 yr (refs 12, 13). The known irregular
satellites are stable over the age of the Solar System, although
strongly influenced by solar and planetary perturbations®.
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The sizes of the new satellites can be estimated assuming
geometric albedos of 4%, as measured for satellites Himalia and
Elara®™. We calculate radii (r) from about 1 to 4 kilometres (Table 1).
Earlier observations appeared to show that the irregular satellites
followed a very shallow size distribution®® with q =~ 2, where
n(rydrocr~9dr is the differential power-law radius distribution
with n(r) dr the number of satellites with radii in the range r to
r + dr. Our observations suggest that the distribution is not well
described by a single power law. We confirm q = 2 for the larger
satellites (r > 10km) but find a steeper slope (q = 3.5) for those
with r < 4km. There is a strong flattening in the size distribution
between radii of 10 and 4km (apparent red magnitude
19 = mg = 21.5). For comparison many asteroid families have
q = 4 (see ref. 17), collisional equilibrium gives g = 3.5 (see ref.
18), while nonfamily asteroids show q = 2.0 to 2.5 (see ref. 19). A
few large satellites are accompanied by many smaller ones
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Figure 1 The area searched around Jupiter for satellites. Satellites were identified by their
characteristic, Jupiter-like proper motions. We used the University of Hawaii 2.2-m
telescope (UH2.2m) with its 8k CCD camera (18.4" x 18.4" =~ 0.094 square degrees
field-of-view) during late November 2000 and found ten new satellites (S/2000 J1 to
$/2000 J10) (see ref. 10). In mid-December 2001 we used the Canada—France—Hawaii
3.6-m telescope (CFHT) with the facility 12k CCD camera (43’ x 28" =~ 0.33 square
degrees) and discovered eleven new satellites (S/2001 J1 to S/2001 J11) (see ref. 11).
An additional two satellites were discovered in the survey fields during follow-up
observations, for a total of 23 new satellites. The thick black line shows the orientation of
the ecliptic during the observations. All the search fields of 2000 were examined both by
visual blinking and a computer algorithm written by E. Magnier. For the 2001 fields we
used a computer program written by J. Kleyna along with visual blinking to find the
satellites. A measure of completeness of our survey is provided by our serendipitous
detections of previously known satellites. We detected all six of the then-known nine
irregular satellites of Jupiter that were in our fields in November 2000. In December 2001
we detected 12 of the 15 irregulars predicted to lie within the survey area, with the other
three undetected because they were near bright stars. Because weather factors varied
over the different nights we split the survey up into four parts. UH2.2m 2000a: Total area
searched was 12.0 square degrees to a limiting R-magnitude of about 21.5 with one new
satellite discovered. UH2.2m 2000b: 4.4 square degrees, mg =~ 22.5, nine new
satellites. CFHT 2001a: 12.4 square degrees, m g =~ 23.2, ten new satellites. CFHT
2001b: 6.7 square degrees, mp = 22.5, one new satellite. Both S/2000 J11 and
$/2002 J1 were discovered while recovering other satellites and thus are not included in
the above survey statistics.
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(r < 4km), the latter having a size distribution similar to that of the
main-belt asteroid families. By extrapolation, we estimate that,
within a factor of two, Jupiter possesses approximately 100 irregular
satellites with r = 0.5 km, corresponding to about 24th magnitude.
We also find that the completeness limit for satellites at Jupiter is
currently r = 3km (mg = 21.5).

The mean orbital inclination and mean semi-major axis distri-
butions show two distinct prograde groups, here named the
Himalia and Themisto groups after the largest object in each
(Fig. 2). Clumping in Fig. 2 suggests that the retrograde satellites
comprise at least three groups (we denote these the Pasiphae,
Ananke and Carme groups). The absence of objects with inter-
mediate inclinations 55° <i < 130° may be a result of the Kozai
effect'*, which couples variations in inclination and eccentricity and
forces highly inclined satellites to dip into the galilean satellite
region, where they are removed by collisions.

These dynamical groups suggest origin by the break-up of
multiple parent objects. Each retrograde group contains one large
object (r > 14km) along with several smaller ones (r < 4km).
Sinope, the only other large satellite, may currently be the only
known member of a fourth group or it may be part of the Pasiphae
group. In support of a collisional origin, we note that the dispersion
velocities?® between members of each group are comparable to the
escape velocity of the largest body (~30ms~? for each retrograde
group). Velocity differences between objects in different groups
(>200ms™ 1), probably from different parents, are much larger
than the escape velocity from any member. Also, observations of the
brightest irregulars show that the retrogrades are redder and more
spectrally diverse than the Himalia prograde group?, consistent

with the origin of the former from the break-up of four different
parent objects.

The sizes of the parent bodies can be estimated by combining the
volumes of the satellites within each group. We infer that the
Ananke group parent body had a radius of about r, =~ 14km
while the ratio of the mass in the largest fragment to the mass of
the parent is M;/M, = 0.98. For the Carme group we find
rp = 23km with M;/M;, = 0.99 and for the Pasiphae group
rp = 30 with M;/M, = 0.99 (or 0.79 if including Sinope). For the
prograde Himalia group we find rp = 89km with M;/M, =~ 0.87.
Satellite groupings with M;/M,, = 1 suggest collisional origin by
shattering with a projectile barely above the disruption threshold.
Such high mass ratios are atypical of asteroid families'’, although
the Vesta asteroid family, with M;/M, = 0.95, may be similar® in
suffering only minimal damage during its lifetime from relatively
small impacts.

It is unlikely that the satellite groups were produced by the sole
action of aerodynamic forces during capture, because self-gravity
would prevent the fragments from dispersing®. Additionally, gas
drag acting on the fragments would produce a size-dependent
sorting of the orbits within each group®*®. No size versus orbital
property correlations are seen in the groupings in the ~1km
to ~100km size range. For these reasons we believe that the
disruptions occurred after capture and after the dissipation of the
gas left over from Jupiter’s formation.

Fragmentation of the parent satellites could be caused by impact
with interplanetary projectiles (principally comets) or by collision
with other satellites. Break-up requires that the projectile kinetic
energy should exceed the gravitational binding energy of the parent.

Table 1 Physical and orbital properties of the irregular satellites*

Name Semi-major axis, a (km) Inclination, i (degrees) Eccentricity, e Period (days) Mag. (mg) Diameter (km) Year of discovery
Themisto Group Prograde

XVIIl Themisto 7,507,000 43.08 0.24 130.0 21.0 8 2000
Himalia Group Prograde

Xl Leda 11,165,000 27.46 0.16 240.9 19.2 20 1974
VI Himalia 11,461,000 27.50 0.16 250.6 14.2 170 1904
X Lysithea 11,717,000 28.30 0.11 259.2 17.9 36 1938
VIl Elara 11,741,000 26.63 0.22 259.6 16.0 86 1905
S/2000 J11 12,555,000 28.30 0.25 287.0 22.4 4 2000
Ananke Group Retrograde

S/2001 J10 19,302,000 145.8 0.14 550.7 231 2 2001
S/2001 J7 21,027,000 148.9 0.23 620.0 22.8 3 2001
XXII Harpalyke 21,105,000 148.6 0.23 623.3 222 4 2000
XXVII Praxidike 21,147,000 149.0 0.23 625.3 21.2 7 2000
S/2001 J9 21,168,000 146.0 0.28 623.0 231 2 2001
S/2001 J3 21,252,000 150.7 0.21 631.9 22.1 4 2001
XXIV locaste 21,269,000 149.4 0.22 631.5 21.8 5 2000
Xl Ananke 21,276,000 148.9 0.24 610.5 18.3 28 1951
S/2001 J2 21,312,000 148.5 0.23 632.4 223 4 2001
Carme Group Retrograde

S/2001 J6 23,029,000 165.1 0.27 716.3 23.2 2 2001
S$/2002 J1 23,064,000 165.0 0.26 715.6 22.8 3 2002
S/2001 J8 23,124,000 165.0 0.27 720.9 23.0 2 2001
XXI Chaldene 23,179,000 165.2 0.25 723.8 225 4 2000
XXVI Isonoe 23,217,000 165.2 0.25 725.5 225 4 2000
XXV Erinome 23,279,000 164.9 0.27 728.3 22.8 3 2000
XX Taygete 23,360,000 165.2 0.25 732.2 21.9 5 2000
Xl Carme 23,404,000 164.9 0.25 702.3 171 46 1938
S/2001 J11 23,547,000 165.2 0.26 741.0 22.7 3 2001
XXl Kalyke 23,583,000 165.2 0.25 743.0 21.8 5 2000
Pasiphae Group Retrograde

S/2001 J4 23,219,000 150.4 0.28 720.8 22.7 3 2001
VIl Pasiphae 23,624,000 151.4 0.41 708.0 16.6 60 1908
XIX Megaclite 23,806,000 152.8 0.42 752.8 21.7 6 2000
S/2001 J5 23,808,000 151.0 0.31 7491 23.0 2 2001
IX Sinope 23,939,000 158.1 0.25 724.5 17.6 38 1914
XVII Callirrhoe 24,102,000 1471 0.28 758.8 20.3 8 1999
S/2001 J1 24,122,000 162.4 0.32 765.1 22.0 4 2001

*Orbital data are from R. Jacobson (http://ssd.jpl.nasa.gov/sat_elem.html); fits are over a 1,000-year time span. a, mean semi-major axis with respect to Jupiter; /, mean inclination of orbit with respect to
Jupiter’s equator; e, mean eccentricity; period, orbital period of satellite around Jupiter; mag., apparent red (0.65 pm wavelength) magnitude; diameter, diameter of satellite, assuming a geometric
albedo of 0.04.
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If half of the kinetic energy of the comet goes into breaking apart the
target satellite®® and if the collision velocity is about 5kms™, a
target satellite with r =25km must be struck by a r = 1km
projectile in order to be disrupted. At the3present epoch, the flux
of Jupiter-crossing comets of this size is 10° to 10* times too small
to shatter the irregular satellite parent bodies?*. However, lunar
crater counts show a very rapid fall in the projectile flux in the first
few 100 Myr, approaching the current steady state flux about
3.5 x 10° years ago®. The time-averaged flux of lunar impactors
in the last 4.5 x 10° years is roughly 10° times the current flux. If
applicable at Jupiter, this large initial flux would be sufficient to
shatter each of the parent satellites and could explain the observed
groups. ‘Particle-in-a-box’ type calculations show that the time-
scales for collision among the known satellites are very long. For the
retrograde satellites the timescale (~10" years) is much larger than
the age of the Solar System, while the progrades have a shorter, but
still long, collision timescale (~10° years). Thus, fragmentation by
collision among the current satellites seems unlikely. However, it is
possible that Jupiter once held a much larger population of irregular
satellites and that the observed groups are merely the products of
disruptive, post-capture collisions amongst them.

Although Jupiter currently possesses the largest number of
known satellites of any of the planets, the other giant planets also
have significant irregular satellite populations. All are thought to
have been captured by their respective planets®®. In common with
Jupiter, the other systems show dynamical grouping, but the
satellites of more distant planets are fainter and observationally
less well characterized. If Jupiter were displaced to the distances of
the other giant planets we would only be able to detect about 11 of
the 32 known irregular satellites at Saturn’s distance, six at Uranus’s
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Figure 2 The mean semi-major axes versus the mean inclinations of the irregular
satellites of Jupiter. Five distinct clusters are evident with the Ananke, Pasiphae and
Carme retrograde groups at about 300 Jupiter radii with mean inclinations around 149,
151 and 165 degrees respectively, the Himalia (main) prograde group at about 155
Jupiter radii with inclinations near 28 degrees, and the Themisto prograde group with
Themisto as the lone member at about 100 Jupiter radii and inclination of 45 degrees.
Satellite symbols are plotted according to size bins. S/2001 J10 is the retrograde satellite
to the left of the Ananke group. Its orbit, along with Sinope’s and Pasiphae’s, may have
been modified through resonances (R. Jacobson, personal communication; ref. 28). The
satellites discovered in 2000 and 2001 have been observed for at least two oppositions,
except for $/2000 J11 which has only about a month of observations.
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distance, and two at Neptune’s distance in a survey of each Hill
sphere to 24th magnitude (corresponding to radii of 3.5, 18, and
40 km, respectively). In fact, Saturn has 13 known irregulars within
three or four distinct dynamical groups, Uranus has five with one or
two distinct groups, and Neptune has two irregulars brighter than
24th magnitude. By this measure, the four giant planets possess about
the same number of irregular satellites and satellite groups with no
dependence on the planet’s mass. This is especially remarkable given
that the ice giants Uranus and Neptune may have had formation
histories quite different from the gas giants Jupiter and Saturn*#,

Note added in proof: A number of new small irregular satellites
were discovered after the submission of this paper (S/2003 J1 to J20;
refs 7, 27). With the exception of $/2003 J20, the new satellites fall
into the retrograde dynamical groupings described in this paper.
The orbital elements of the new objects are still uncertain and
therefore have not been fully incorporated into the paper. S/2003
J20 has a prograde orbit unlike any other known satellite
(a = 17,100,000 km (0.33Ry), i = 55° r = 1.5km). A few of the
new discoveries may have inclinations and semi-major axes similar
to Sinope. O

Received 2 December 2002; accepted 14 March 2003; doi:10.1038/nature01584.

1. Peale, S. Origin and evolution of the natural satellites. Annu. Rev. Astron. Astrophys. 37, 533-602 (1999).
2. Kuiper, G. On the origin of the satellites and the Trojans. Vistas Astron. 2, 1631-1666 (1956).
3. Colombo, G. & Franklin, F. On the formation of the outer satellite groups of Jupiter. Icarus 15,
186-189 (1971).
4. Pollack, J., Burns, J. & Tauber, M. Gas drag in primordial circumplanetary envelopes: A mechanism for
satellite capture. Icarus 37, 587-611 (1979).
5. Heppenheimer, T. & Porco, C. New contributions to the problem of capture. Icarus 30, 385-401 (1977).
6. Gladman, B. et al. Discovery of 12 satellites of Saturn exhibiting orbital clustering. Nature 412,
163-166 (2001).
7. Sheppard, S. et al. Satellites of Jupiter and Saturn. AU Circ. No. 8116 (2003).
8. Gladman, B. et al. The discovery of Uranus XIX, XX and XXI. Icarus 147, 320-324 (2000).
9. Holman, M. et al. Satellites of Neptune. AU Circ. No. 8047 (2003).
10. Sheppard, S., Jewitt, D., Fernandez, Y., Magnier, E. & Marsden, B. Satellites of Jupiter. IAU Circ. No.
7555 (2001).
. Sheppard, S., Jewitt, D., Kleyna, J., Marsden, B. & Jacobson, R. Satellites of Jupiter. IAU Circ. No. 7900
(2002).
. Pollack, J. et al. Formation of the giant planets by concurrent accretion of solids and gas. Icarus 124,
6285 (1996).
. Boss, A., Wetherill, G. & Haghighipour, N. Rapid formation of ice giant planets. Icarus 156, 291-295
(2002).
Carruba, V., Burns, J., Nicholson, P. & Gladman, B. On the inclination distribution of the Jovian
irregular satellites. Icarus 158, 434-449 (2002).
. Cruikshank, D. Radii and albedos of four trojan asteroids and Jovian satellites 6 and 7. Icarus 30,
224-230 (1977).
. Gehrels, T. in Comets, Asteroids, Meteorites (ed. Delsemme, A.) 323-326 (Univ. Toledo Press, Toledo,
1977).
. Tanga, P. et al. On the size distribution of asteroid families: The role of geometry. Icarus 141, 65-78
(1999).
. Dohnanyi, J. Collisional models of asteroids and their debris. J. Geophys. Res. 74, 2531-2554 (1969).
. Cellino, A., Zappala, V. & Farinella, P. The size distribution of mainbelt from IRAS data. Mon. Not.
R. Astron. Soc. 253, 561-574 (1991).
. Kessler, D. Derivation of the collision probability between orbiting objects: The lifetimes of Jupiter’s
outer moons. Icarus 48, 39-48 (1981).
. Rettig, T., Walsh, K. & Consolmagno, G. Implied evolutionary differences of the Jovian irregular
satellites from a BVR colour survey. Icarus 154, 313-320 (2001).
. Thomas, P. et al. Impact excavation on asteroid 4 Vesta: Hubble Space Telescope results. Science 277,
14921495 (1997).
. Melosh, H. Impact Cratering a Geologic Process 46-86 (Oxford Univ. Press, Oxford, 1989).
Nakamura, T. & Yoshikawa, M. Close encounters and collisions of short-period comets with Jupiter
and its satellites. Icarus 116, 113-130 (1995).
. Hartmann, W., Ryder, G., Dones, L. & Grinspoon, D. in Origin of the Earth and Moon (eds Canup, R. &
Righter, K.) 493-512 (Univ. Arizona Press, Tucson, 2000).
26. Thommes, E., Duncan, M. & Levison, H. The formation of Uranus and Neptune among Jupiter and
Saturn. Astron. J. 123, 2862—2883 (2002).
27. Sheppard, S. et al. Satellites of Jupiter. IAU Circ. No. 8089 (2003).
28. Saha, P. & Tremaine, S. The orbits of the retrograde Jovian satellites. Icarus 106, 549-562 (1993).

o

1

=

1

N

1

w

1

Eal

1

o

1

o

1

=

1
1

© ©

2

=}

2

=

2

N

2
2

NI

2

a1

Acknowledgements We thank Y. Fernandez for help with the observations. The Canada—France—
Hawaii telescope is operated by the National Research Council of Canada, Le Centre National de
la Recherche Scientifique de France, and the University of Hawaii. This work was supported by a
grant to D.C.J. from NASA.

Competing interests statement The authors declare that they have no competing financial
interests.

Correspondence and requests for materials should be addressed to S.S.S.
(sheppard@ifa.hawaii.edu).

263




