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REPORTS
Numerical simulations (27) and other analyses (20) have shown that radial peaks in phase
space density can in some cases be produced by
radial diffusion in combination with a boundary
condition at the outer edge of the belts that first
increases to levels higher than the observed peak
at lower L* then decreases to levels below it. The
shortness of the time between subsequent RBSP
apogee passes provides stringent constraints on
such a scenario but does not disprove it. Comparison between RBSP and geosynchronous phase
space densities from five geosynchronous satellites
that orbit outside RBSP’s apogee and provide nearcontinuous monitoring of the outer boundary of
the radiation belts confirms the negative radial
gradient at high L*, the lack of a potential source
population at the outer boundary, and the necessity
of an internal local acceleration process (fig. S10).
Although it is possible that radial acceleration
may dominate in other relativistic acceleration
electron events (28), the RBSP measurements of
phase space density profiles on 8 and 9 October
show signatures of local acceleration by waveparticle interactions in the heart of the radiation
belts (29). The entire acceleration took place
over a period of ≈ 11 hours between 23:17 UT
on 8 October and 13:02 UT on 9 October. The
primary acceleration was centered at L* ≈ 4
with evidence of acceleration observed between
L* = 3.5 to 4.5.
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A Uranian Trojan and the Frequency of
Temporary Giant-Planet Co-Orbitals
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Trojan objects share a planet’s orbit, never straying far from the triangular Lagrangian points,
60° ahead of (L4) or behind (L5) the planet. We report the detection of a Uranian Trojan; in our
numerical integrations, 2011 QF99 oscillates around the Uranian L4 Lagrange point for >70,000 years
and remains co-orbital for ∼1 million years before becoming a Centaur. We constructed
a Centaur model, supplied from the transneptunian region, to estimate temporary co-orbital
capture frequency and duration (to a factor of 2 accuracy), finding that at any time 0.4 and
2.8% of the population will be Uranian and Neptunian co-orbitals, respectively. The co-orbital
fraction (∼2.4%) among Centaurs in the International Astronomical Union Minor Planet
Centre database is thus as expected under transneptunian supply.

D

uring 2011 and 2012, we used the CanadaFrance-Hawaii Telescope to perform a
20-square-degree survey designed to de-
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tect trans-Neptunian objects (TNOs) and objects
between the giant planets with apparent r-band
magnitude mr < 24.5 and track all detections for
up to 17 months. The project was accurately calibrated (1) to constrain the size and orbital parameter distributions of populations resonant with
Neptune. Constraining the distribution of these
populations is essential, as they in turn set constraints on models of the evolution of the outer
solar system.
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As part of this survey, we detected 2011 QF99
(2) at a heliocentric distance of 20.3 astronomical
units (AU), where its apparent magnitude mr =
22.6 T 0.1 sets its absolute magnitude at Hr = 9.6
(Hg = 10.3, assuming a typical color g − r ≈ 0.7).
This magnitude indicates that 2011 QF99 is
∼60 km in diameter, assuming a 5% albedo. As
more observations constrained the orbit, it became
clear that 2011 QF99 was not simply a Centaur
that happened to be near the distance of Uranus.
Our current astrometry, consisting of 29 measurements from seven dark runs with a total arc of
419 days, indicates the following orbital elements:
a = 19.090 T 0.004 AU, e = 0.1765 T 0.0007, i =
10.811° T 0.001°, Ω = 222.498° T 0.001°, w =
287.51° T 0.11°, and T = 246 4388 T 11 JD. Here,
a, e, i, Ω, w, T are the osculating J2000 barycentric
semimajor axis, eccentricity, inclination, longitude of ascending node, argument of pericenter,
and Julian day of pericenter. The low eccentricity
along with a semimajor axis similar to that of
Uranus (aU ≈ 19.2 AU) indicated that 2011 QF99
might be a Uranian co-orbital. Co-orbital bodies
are in the 1:1 mean-motion resonance with a planet
(thus having the same orbital period) and a librating (oscillating) resonant angle f11 = l − lPlanet.
Here, l is the mean longitude, which is the sum of
Ω, w, and the mean anomaly. f11 roughly measures how far ahead in orbital phase the object

www.sciencemag.org

REPORTS

Fig. 1. The motion of 2011 QF99. Shown here is the best-fit trajectory of 2011 QF99, from its current
position (square) to 10 libration periods (59 ky) into the future. The co-ordinate frame co-rotates with
Uranus (on the right), and dotted circles show the semimajor axis of the giant planets. Diamonds
denote the L4 (upper) and L5 (lower) Lagrange points. The oval oscillations occur over one heliocentric
orbit, whereas the angular extent around the Sun is the slower libration around L4.

Fig. 2. Orbital evolution of temporary Uranian co-orbitals. Left column: Evolution of the nominal
semimajor axis a, eccentricity e, and resonant angle l − lU of 2011 QF99 for 1 My into the future. Center and
right columns: Evolution for two temporary Uranian co-orbitals from our dynamical simulations for intervals in
which their evolution is similar to that of 2011 QF99, showing that Centaurs can naturally become temporarily
trapped Uranian Trojans. Times are from the initial condition for the a0 > 34 AU scattering orbit.
www.sciencemag.org
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is relative to the planet. For co-orbital motion,
f11 librates around one of four values (3). Quasisatellites librate around 0°; in the co-orbital frame,
these move like retrograde satellites, despite being
outside the planet’s gravitational dominance. Leading and trailing Trojans librate around L4 (60°
ahead of planet) and L5 (300° ahead = 60° behind planet), respectively. Horseshoe orbits execute librations around L3 (180° from the planet)
with high amplitudes that encompass the L3, L4,
and L5 Lagrange points.
A short [50 thousand years (ky)] numerical
integration showed that 2011 QF99 is librating
around the leading (L4) Lagrange point (Fig. 1).
Could 2011 QF99 be a primordial Trojan? Jupiter
hosts a large population of Trojan asteroids
stable for 5 billion years (Gy). The recently detected stable population of Neptunian Trojans
are now believed to outnumber Jovians for objects with radius > 50 km (4, 5). By contrast, the
Trojan regions of Saturn and Uranus are believed
to be mostly unstable (6, 7) and are unlikely to
host long-lived Trojans, although a few stable
niches exist (7); it is unclear how migration affects the likelihood of these niches being populated (8, 9).
In longer integrations, using the 10–million
year (My) time scale typically used to determine
the dynamical class of outer solar system objects
(10, 11), both the nominal orbit of 2011 QF99 and
all other orbits within the (already small) orbital
uncertainties librate around the L4 Lagrange point
for at least the next 70 ky (Fig. 2, left column, and
fig. S1). On time scales of 100 ky to 1 My, all
integrated orbits transition out of the L4 Trojan
region (1), either escaping directly to scattering behavior (that is, become Centaurs) or transitioning to other co-orbital behavior before escaping
and scattering away within 3 My.
We considered the possibility that the initial
investigation missed a small phase-space niche, stable for 4 Gy, or that systematic errors could result
in the real orbit being offset by several tens of
times the nominal uncertainties. We thus integrated
105 test particles filling the region within ∆a =
T0.1 AU, ∆e = T0.004, and ∆i = T0.°2 of the
nominal orbit for up to 0.1 Gy, until they crossed
the orbit of Saturn or Neptune. All 100,000 particles were eliminated within 100 My, most within
the usual 10-My stability of Centaurs (12, 13). This
rejects the idea that 2011 QF99 has been a Uranian
Trojan for very long; it must instead be a Centaur
recently temporarily trapped into L4 libration.
Temporary co-orbitals are known elsewhere
in the solar system (1). In this survey, 2011 QF99
was the only object with a semimajor axis within the planetary region (defined here as a < 34 AU
to include Neptune co-orbitals but exclude the
exterior stable transneptunian populations). The
Canada-France Ecliptic Plane Survey (CFEPS) detected three a < 34 AU objects and the International Astronomical Union (IAU) Minor Planet
Center (MPC) database contains 247 objects with
6 AU < a < 34 AU as of 9 July 2013. We sought to
determine whether (to a factor of 3) it is reasonable
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that, in a model of Centaur supply from the scattering disk, a large-enough fraction should be
in resonance at any time to explain the observed
discovery of 2011 QF99 and other temporary
co-orbitals. To address this question, we estimated the fraction of Centaurs in temporary coorbital states with Uranus and Neptune, similar
to what has been done for Earth (14) and Venus
(15). Even though the scattering population is depleting with time, the co-orbital fraction does not
(1). Here, “scattering objects” are those (10, 16)
that experience ∆a > 1.5 AU in 10 My; scattering objects with a < 30 AU are called “Centaurs,”
whereas those with a > 30 AU are the “scattering disk.”
Using a model of the orbital distribution (17)
of today’s scattering TNOs (1), we simulated the
interactions of scattering objects with the giant
planets over 1 Gy, building a relative orbital distribution for the a < 34 AU region (1). The simulation outputs the state vector of planets and
all a < 34 AU particles at 300-year intervals.
This output interval was chosen so that the fewthousand-year variation of the resonant argument
f11 would be well sampled (Fig. 2), allowing detection of short-term co-orbitals of the giant planets.
Such a meticulous search for co-orbitals trapped
from an armada of incoming scattering objects is
essential to accurately estimate the trapping fraction. An earlier analysis (18) started with a sample
of currently known Centaurs, which was biased
toward the lowest-a Centaurs by observational selection, resulting in much lower trapping rates for
Uranus and Neptune than we find.

Simulated scattering objects predominantly
entered the giant planet region (a < 34 AU) at
intermediate inclinations and eccentricities, as previously shown (13, 19). After analyzing the particle histories to find co-orbital trapping (1), we
find that 0.4 and 2.8% of the a < 34 AU population is, at any time, in co-orbital motion with
Uranus and Neptune, respectively [with less than
a factor of 2 variation (1)]. This 3.2% fraction is
much larger than the ≈ 0.1% of near-Earth asteroids temporarily trapped in Earth and Venus
co-orbital motion (14, 15), presumably due to the
fractionally larger co-orbital regions of the giant
planets. We find that the simulated Uranian and
Neptunian co-orbitals consisted of, respectively,
64 and 54% in horseshoe orbits, 10 and 10% quasisatellites (1), and 26 and 36% Trojans, equally
distributed between the L4 and L5 clouds. The
duration of Uranian co-orbital captures in our simulation had mean, median, and maximum values of
108 ky, 56 ky, and 2.6 My, respectively, and 78 ky,
46 ky, and 18.2 My, respectively, for Neptune.
To explore the strength of observational biases,
we used the CFEPS Survey Simulator (20), expanded to include our additional coverage. The
survey simulator applies observational biases to
the population model (Fig. 3, top) from the dynamical simulation (1) to simulate what a survey
would observe (Fig. 3, bottom). The absolute
H-magnitude distribution (a proxy for the size
distribution) of objects is important when modeling flux-limited surveys. Our first attempt to use
a single exponential distribution [dN/dH º 10aH
(1)] with a ≈ 0.8, as measured for Hg < 9.0 TNOs

Fig. 3. Resultsofoursurvey
simulations. (Top) 106 objects
drawn from the model population of scattering objects
(tiny cyan dots), Uranian coorbitals (red), and Neptunian
co-orbitals (blue), used as the
intrinsic population in our survey simulation. The populations have the relative fractions
from the model, but the coorbitals have larger symbols
to enhance visibility. (Bottom)
Objects detected by our survey simulator, using the same
color scheme. The large black
squares are the four real a <
34 AU detections from our
calibrated work, 2011 QF99
being the upper-left one. Black
curves correspond to apparent
magnitudes mg = 24.25,
25.25, and 26.25, from bottom to top, which are roughly
the survey limits of CFEPS (16),
our new observations, and a
deep survey for Neptunian
Trojans (5), respectively. The
effect of the divot H-mag distribution can be seen around
Hg = 9.0
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(16, 21) and Neptunian Trojans (5), was rejected
at a high level of confidence, predicting that small
(Hg > 11.0) objects should account for 81% of
the detections; our observations have no such objects. The H-mag distribution of Neptunian Trojans
cannot continue as a single exponential (5) beyond
mR ≈ 23.5 (Hg ≈ 9.3, assuming g − R = 0.5 and
a typical distance of 30 AU). The scattering objects also reject a single exponential and are better represented by a “divot” H-mag distribution
(22), where the number density drops at Hg ≈ 9.0
by a contrast factor (ratio of density just before
and after the divot) of 6, then continues with a
second shallower exponential with a ≈ 0.5. Although we lack the statistics to independently constrain a divot, simply adopting the above parameters
provides better agreement between simulated
and observed populations (Fig. 3), with small
(Hg > 11.0) objects only providing 23% of the
simulated detections.
Simulating our available calibrated fields,
we find that 0.9% of the a < 34 AU detections
should be Uranian co-orbitals and 2.2% should
be Neptunian co-orbitals (Fig. 3). Thus, because
of where we looked and the survey limits, detection of Uranian co-orbitals was enhanced compared to the intrinsic fraction (0.4%), whereas the
Neptunian co-orbitals were slightly biased against
(relative to 2.8%). Of the 247 objects with 6 AU <
a < 34 AU currently in the MPC database, about
six (including 2011 QF99) have been identified
as temporary co-orbitals of Uranus and Neptune (1), yielding ∼2.4%. This is within a factor of 2 of our 3.2% model prediction, although
the unknown pointing history and survey depths
make detailed modeling impossible. Because
our simulations show that no large (not even
factor of 2) biases exist toward or against detecting co-orbitals, the MPC co-orbital fraction
may be close (within a factor of a few) to the intrinsic fraction. Thus, 2011 QF99 is a Uranian
Trojan that is part of a roughly constant population
of transient co-orbitals, temporarily (although
sometimes for millions of years) trapped by the
giant planets, similar to those seen for the terrestrial planets (14, 15, 23).
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cision was important in the development of the
channel at this location, with no evidence of glacial erosion being the dominant process (12). Indeed, none of the profiles are typical of glacially
eroded valleys (fig. S2). The canyon follows a

Paleofluvial Mega-Canyon Beneath
the Central Greenland Ice Sheet
Jonathan L. Bamber,1* Martin J. Siegert,1 Jennifer A. Griggs,1
Shawn J. Marshall,2 Giorgio Spada3
Subglacial topography plays an important role in modulating the distribution and flow of basal
water. Where topography predates ice sheet inception, it can also reveal insights into former
tectonic and geomorphological processes. Although such associations are known in Antarctica, little
consideration has been given to them in Greenland, partly because much of the ice sheet bed is
thought to be relatively flat and smooth. Here, we present evidence from ice-penetrating radar
data for a 750-km-long subglacial canyon in northern Greenland that is likely to have influenced
basal water flow from the ice sheet interior to the margin. We suggest that the mega-canyon
predates ice sheet inception and will have influenced basal hydrology in Greenland over past
glacial cycles.
reenland is an ancient craton dominated
by crystalline rocks of the Precambrian
shield, composed largely of Archaean [3100
to 2600 million years (My) before the present (B.P.)]
and Proterozoic (2000 to 1750 My B.P.) formations, with more limited sedimentary deposits along
parts of the continental margins (1). These rocks
are resistant to glacial erosion compared with the
sedimentary deposits that are thought to underlie
substantial sectors of Antarctica (2, 3). Although
there is evidence for some glaciation dating back
to 38 My B.P. (4), the island has only been extensively ice-covered for no more than ~3.5 My (5),
as compared with the Antarctic ice sheet that first
grew at ~34 My B.P., and has existed persistently
since ~14 My B.P. There are, therefore, important
geologic and glacio-morphological differences
between the subglacial environments of the two
ice sheets.
Ice-penetrating radar (IPR) is capable of imaging
the ice-sheet base and, if collected as a series of
transects, can reveal the landscape beneath the
ice. In Greenland, such data have been acquired
on numerous occasions over the past 40 years
(6, 7). Using these data in combination with icesurface topography measurements, a quasilinear
feature was previously identified in northern
Greenland from a combination of ice-surface
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topography and IPR data, but with limited knowledge on its extent and configuration (8). By inspecting IPR-derived basal topography from these
and more recent data sources, we have discovered
this bed feature to be a major subglacial canyon
that extends from almost as far south as Summit
in central Greenland to the northern margin of
the ice sheet, terminating in the fjord that drains
Petermann Gletscher (Fig. 1). The extent of the
canyon is at least ~750 km, but its southern limit
may continue further than we are able to identify
because the density of IPR tracks below 74.3° N
is limited. However, two tracks at 73.8° N, 42° W
cross an over-deepening that appears likely to be
the southern extension of the canyon. There is no
obvious evidence of a geological boundary in this
part of Greenland (9). The southern limit of the
canyon, however, does lie close to a minimum in
the free-air gravity anomaly and a maximum in the
terrain-correlated gravity anomaly, which indicates crust that is isostatically thin and subject to
compressive inflow of crustal material (9), which
could form an explanation for its genesis.
The IPR data indicate that the canyon has a
depth and width of up to ~800 m and ~10 km,
respectively, toward the coast and a slightly reduced width and substantially shallower depth of
~200 m further south (Fig. 2 and figs. S1 and S2).
The valley width-to-height ratio (used as a measure of river channel morphology and formation)
for the profile in Fig. 2C is 30, which is indicative
of a broad, shallow channel, subject to limited
stream erosion (10, 11). The ratio for the profile
in Fig. 2A is ~0.5, suggesting linear stream in-
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Fig. 1. Bed elevation [between –900 and 900 m
above sea level (asl)] for northern Greenland.
The area plotted is indicated by the red box in the
inset. Airborne ice penetrating radar flight lines are
shown in gray, and the three bed profiles plotted in
Fig. 2 are shown by the solid blue (Fig. 2A), black
(Fig. 2B), and red (Fig. 2C) lines. The mauve line
shows the approximate location of the grounding
line on Petermann Gletscher. Other places discussed
in the text are also labeled: NGRIP, the onset area
of the North East Greenland Ice Stream (NEGIS),
and the camp near the highest point of the ice sheet,
Summit. The red ellipse marks the approximate
location of a marked minimum in crustal thickness,
and hence maximum in geothermal heat flux, identified from gravity data (9).
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