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the unreplenished inner disk to drain viscously onto the star in a
short timescale. Studies of the ultraviolet and Ha ¯ux arising from
the accretion process, and near-infrared ¯ux from the inner disk,
suggest that a signi®cant fraction of T Tauri stars are able to
dissipate their inner disks rapidly7. Related processes may be
relevant to the formation of planetary satellite systems12.

For planetary formation, these results imply that steady growth of
giant planets in massive disks around solar mass stars is limited by
the vulnerability of the disk to fragmentation once the planetary
mass reaches approximately 5 Jupiter masses. The resulting forma-
tion of additional planets, which then compete to accrete the
available disk gas, implies an upper limit to the mass of massive
planets formed by this mechanism. In particular, even if the disk was
suf®ciently massive it would not be possible to grow a planet from a
Jupiter mass far into the brown dwarf regime. This is consistent with
observational evidence that planets and brown dwarfs do not share a
common mass function1, which has prompted suggestions that a
break in formation mechanisms exists at around 7 Jupiter masses.
Finally we note that the endpoint of early disk fragmentation would
be a system of numerous massive coplanar planets in initially close-
to-circular orbits. Such a system would possess a global organisation
imprinted via non-local gravitational effects at birth. These would
be favourable initial conditions for the eventual formation of a
system comprising one or more massive planets on eccentric
orbits9. M
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Planets are believed to have formed through the accumulation of a
large number of small bodies1±4. In the case of the gas-giant
planets Jupiter and Saturn, they accreted a signi®cant amount
of gas directly from the protosolar nebula after accumulating
solid cores of about 5±15 Earth masses5,6. Such models, however,
have been unable to produce the smaller ice giants7,8 Uranus and
Neptune at their present locations, because in that region of the
Solar System the small planetary bodies will have been more
widely spaced, and less tightly bound gravitationally to the Sun.
When applied to the current Jupiter±Saturn zone, a recent theory
predicts that, in addition to the solid cores of Jupiter and Saturn,
two or three other solid bodies of comparable mass are likely to
have formed9. Here we report the results of model calculations
that demonstrate that such cores will have been gravitationally
scattered outwards as Jupiter, and perhaps Saturn, accreted
nebular gas. The orbits of these cores then evolve into orbits
that resemble those of Uranus and Neptune, as a result of
gravitational interactions with the small bodies in the outer
disk of the protosolar nebula.

The most plausible model for the formation of giant-planet cores
in the Jupiter±Saturn region is based on the concept of `oligarchic'
growth9. In this model, the largest few objects at any given time are
of comparable mass, and are separated by amounts determined by
their masses and distances from the Sun. As the system evolves, the
mass of the system is concentrated into an ever-decreasing number
of bodies of increasing masses and separations. For a given total
mass in the system, the model predicts a relationship between the
mass of the largest `embryos' and their number.

In the Jupiter±Saturn region, oligarchic growth breaks down
when one or more cores begin to accrete a signi®cant amount of
nebular gas, thereby signi®cantly increasing their mass(es) in a short
period of time. This is expected to occur when the cores reach about
15 Earth masses6 (15M!), at which time `oligarchic' growth predicts
that the cores will be separated by ,1±2 astronomical units (1 AU is
the mean Earth±Sun distance). This in turn implies the existence of
between 3 and 5 cores in the Jupiter±Saturn zone (4±10 AU).

As the real Solar System has two gas giants and two ice giants, only
two of the cores must have accreted a signi®cant amount of gas.
Jupiter was possibly the largest core and the ®rst to accrete gas since
it is closest to the Sun, where the disk density was highest and the
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formation timescales shortest. Perhaps Saturn's core was larger than
the others (due to stochastic variations) and also started to accrete
gas at this time, or perhaps Saturn did not accrete its gas until later.
In either case, the gas-accreting core(s) increased in mass by roughly
an order of magnitude in only 105 years (ref. 6). At this point
oligarchic growth ceased.

We have investigated the subsequent evolution by performing
three sets of numerical integrations. In series I, we assume that
the Jupiter and Saturn cores accreted their gas simultaneously. We
therefore studied the dynamical behaviour of 2 failed cores of 15M!

(ref. 6), each initially in circular orbits between fully-formed Jupiter
and Saturn. In addition to the planetary-size objects, we included a
trans-saturnian disk of smaller objects stretching from 10 to 60 AU

from the Sun. In series II and III, we investigated the evolution of a
system where Jupiter grows ®rst. In series II, we studied the
behaviour of four 15M! cores distributed between 5 and 9 AU,
where we increase the mass of the inner core to that of Jupiter's in
105 years. Series III is similar to series II, except that we studied the
behaviour of ®ve 15M! cores distributed between 6 and 10 AU in
order to explore the hypothesis that one core was lost. (See Methods
for a complete description of the simulations.)

In all, we performed eight runs in each series. In four of the series I
integrations, both failed cores were scattered into the region beyond
Saturn and had their orbits circularized due to gravitational inter-
actions with the disk. The temporal evolution of the run that

produced the system that most closely resembles the Solar System
is shown in Fig. 1. In seven of the eight series II simulations, all three
cores scattered off Jupiter and then evolved onto nearly circular
orbits in the outer solar system. In all these cases, one of the cores
scattered off Jupiter and evolved onto an orbit near 10 AU, which is
the current location of Saturn. That core could subsequently have
accreted the amount of nebular gas contained in Saturn. Finally,
three of the series III runs produced systems similar to the Solar
System. Figure 2 shows `snapshots' at 5 million years of the system in
each series that most closely resembles the Solar System. Similar
®gures and additional details for all our runs are available; see
Supplementary Information.

From our simulations we conclude: ®rst, that this mechanism
commonly (,50%) produced reasonable analogues of the real
outer planetary system; second, that both 4- and 5-core systems
can reasonably reproduce the orbits of the giant planets; and third,
that this result seems to be independent of when Saturn accretes its
gas.

There is one more issue that must be addressed before we can
conclude that we are constructing reasonable analogues of the Solar
System. The Solar System is known to have a disk of icy small bodies
in nearly circular orbits beyond Neptune, known as the Kuiper belt
(shown as small black dots in Fig. 2a; also, see ref. 10 for a review). In
order for our mechanism to be applicable to the real Solar System, a
similar structure should exist at the end of our simulations. In all
our runs there is a population of excited disk objects still encounter-
ing the cores (see Fig. 2). These objects should largely be ejected
from the Solar System in a few times 107 years (ref. 11), and thus are
not related to any observed Solar System structure. However, in
most of our runs there is a relatively dynamically cold disk that has
not been signi®cantly perturbed by the passage of planetsÐit is this
that corresponds to the Kuiper belt. In addition, there is also a
population of high-eccentricity objects that are on unstable planet-
crossing orbits. This population is similar to the `scattered disk'
recently shown to exist in the Solar System12,13. Thus, our models do
indeed produce reasonable Solar System analogues.

A direct comparison between the small-body structures observed
in the Solar System and those produced in our simulations is not
possible, because there is not yet enough information about the real
Kuiper belt. However, we have discovered two previously unknown
dynamical processes that helped shape the small-body structures in
many of our simulations and which leave well de®ned dynamical
signatures. These may be observed in the real Solar System as the
data about the Kuiper belt becomes more complete.

In addition to the scattered disks and `Kuiper belts' observed in
Fig. 2b±d, there is very often a population of excited objects that
were perturbed by the planets when the planets were on very
eccentric orbits, but which are now beyond the planets' reach.
These objects have orbits similar to the scattered disk, but are on
stable orbits. As this structure re¯ects the con®guration of the
planetary system at early times, we call it the `fossilized scattered
disk'. In addition, in about ,10% of our simulations the objects in
the `Kuiper belt' have had their eccentricities and inclinations
excited by the passage of a planet, but not catastrophically so. In
these cases, one of the cores was scattered onto a very eccentric,
inclined orbit with the semi-major axis a * 60 AU, which crossed the
plane of the system at points both inside and outside the disk, but
never actually penetrated the disk. When the core was at the same
heliocentric distance as the disk particles it was either above or
below the disk due to its inclination. The disk particles were excited
by long-range secular effects rather than by gravitational encounters
with a planet (see Supplementary Information for some examples).

The idea that the ice giants are failed cores from the Jupiter±
Saturn zone represents a signi®cant conceptual shift in our under-
standing of planet formation. In particular, it suggests that giant-
planet formation occurred in a narrow region of the protoplanetary
disk, only from ,4 AU to ,10 AU. Although others have suggested
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Figure 1 Temporal evolution of model calculations that produced a successful Solar

System analogue. Depicted are Jupiter (black), Saturn (green), and the two `failed cores'

(red and blue) in the run which, at its endpoint of 5 Myr, most closely resembles the

present Solar System. This run is from series I (see text). Shown are the semi-major axes

(thick solid lines) as well as the instantaneous perihelion (thin solid lines) and aphelion

(dotted lines) distances of the orbits. Initially the cores suffered multiple gravitational

scatterings with Jupiter and Saturn. However, they became decoupled from Jupiter after

9 3 104 years and from Saturn after 2:5 3 105 years. They underwent close encounters

with each other until 8 3 105 years. Eventually, the dynamical drag due to small disk

objects decoupled them from each other and damped their eccentricities until they were

on nearly circular orbits. After this time, they slowly migrated outwards due to the

interactions with disk particles. Such a migration has been invoked to explain the structure

of the Kuiper belt observed in the real Solar System21. At 5 3 106 years the inner core has

a semi-major axis, a, of 19.7 AU, an eccentricity, e, of 0.05, and an inclination, i, of 0.28.
For comparison, Uranus currently has a � 19:2 AU, e � 0:006 and i � 0:88. The outer

core has a � 31:1 AU, e � 0:006 and i � 0:28, and Neptune currently has a � 30:1 AU,

e � 0:01 and i � 1:78. We believe, though, that such a strong correspondence between

our model and the real system is largely a coincidence. However, there was one other run

in this series that was very similar to the real Solar System (see Fig. S1B in Supplementary

Information), so that our mechanism does indeed commonly produce reasonable Solar

System analogues. An animation of the dynamical evolution of this system is presented in

Supplementary Information.
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that Uranus and Neptune formed somewhat inward of their current
locations (for example, Neptune at 23 AU) and gently migrated
outwards14,15, the model presented here predicts a signi®cantly more
compact region of planet formation. Furthermore, it also suggests
that our Solar System went through a stage where Uranus and
Neptune were violently removed from their primordial orbits by the
giant planets and were thrown out to their current locations. This
type of instability has been invoked to explain the large eccentricities
seen in some other planetary systems16±19: but we believe that ours is
the ®rst model that suggests that a similar upheaval took place in the
Solar System. M

Methods
We numerically integrated the orbits of our planets, cores, and trans-planetary planete-
simal disk particles for 5 million years using our symplectic integrator, SyMBA20. In series
I, we included Jupiter, Saturn and two cores. As we expect Jupiter to migrate slightly
inwards and Saturn to move outwards during our integrations14,15, we initially placed them
at a � 5:3 AU and a � 9:0 AU, respectively, with eccentricities and inclinations comparable
to their current values. The cores were initially located at a � 6:35 AU and a � 7:6 AU (as
predicted by oligarchic growth) on circular, low-inclination orbits. The runs differed only
in our choices of the longitudes of the cores, which were randomly distributed. The series
II runs initially had four cores at the same locations. The series III runs initially had 15M!

cores at a � 5:3, 6.24, 7.36, 8.67 and 10.21 AU.
To make the simulations numerically tractable, for our trans-planetary disk we used

bodies, each of mass 0.24M!, distributed with a surface density proportional to r-1 (series
I and II) and r-1.5 (series III), where r is heliocentric distance. This corresponds to a total
disk mass of 216M! and 119M!, respectively, a range consistent with estimates of
planetary formation ef®ciency based on our understanding of the mass of the Oort
cloud15. Initially, the disk particles were on nearly circular, low-inclination orbits.
Although we included the gravitational effect of the disk particles on the planets and cores,
we ignored self-gravity between the disk particles. In addition, we ignored the dynamical-
drag effects of gas. Both these effects would tend to assist the disk in circularizing the orbits
of the cores. Therefore, we are underestimating the likelihood that the cores will evolve
onto circular orbits in the outer solar system.

In our series II and III runs, we replaced Jupiter and Saturn with cores. The mass of
Jupiter (and only Jupiter) was linearly increased to its current mass over a period of 105

years. In addition, in series II, we extended the protoplanetary disk inward to 4.5 AU by
adding a total of 10M! of material between 4.5 and 10 AU.
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Figure 2 The ®nal orbital elements of most successful runs in each of the three series. For

comparison, a corresponds to the Solar System, while b±d correspond to series I±III,

respectively. Eccentricity is plotted versus semi-major axis for the gas giant(s) (blue), the

cores (red) and the smaller bodies (black) that originally constitute the planetesimal disk

from 10 to 60 AU. These plots were generated 5 million years after the start of the

simulation. The green curves show the locus of orbits with perihelion distances at the

location of the outer planet. Orbits in the region above and to the left of the green curves

are generally unstable on timescales short compared to the age of the Solar System.

Orbits below the green curves are usually stable. An animation of the dynamical evolution

of each of these systems is presented in Supplementary Information. In the panel showing

the real Solar System, those Kuiper-belt objects which have been observed at multiple

oppositions are plotted. The truncation at ,48 AU is probably due to observational bias, as

more distant objects are less easily detected. We note that 1996 TL66, thus far the only

observed member of the scattered disk population observed at multiple oppositions, is not

shown as its semi-major axis is 48 AU.
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The single-particle energy spectrum of a two-dimensional elec-
tron gas in a perpendicular magnetic ®eld consists of equally
spaced energy states, known as Landau levels. Each level is split
owing to spin interactions, and its degeneracy is proportional to
the magnetic ®eld strength. When the ratio, n (or `®lling factor'),
of the number of electrons and the degeneracy of a Landau level
takes an integer or particular fractional values, quantum Hall
effects1 occur, characterized by a vanishingly small longitudinal
resistance and a quantized (transverse) Hall voltage2. The quan-
tum Hall regime may be used for the controlled study of many-
particle cooperative phenomena, such as order±disorder phase
transitions (analogous to those observed in conventional mag-
nets). Both isotropic and anisotropic ferromagnetic ground states
have been predicted3±8 to occur in the quantum Hall regime, some
of which have been investigated experimentally9±13 in samples
with different geometries and ®lling factors. Here we report
evidence for ®rst-order phase transitions in quantum Hall states
(n � 2; 4) con®ned to a wide gallium arsenide quantum well. We
observe hysteresis and an anomalous temperature dependence in
the longitudinal resistivity, indicative of a transition between two
distinct ground states of an Ising quantum Hall ferromagnet. The
microscopic origin of the anisotropy ®eld is identi®ed using
detailed many-body calculations.

The study of quantum phase transitions14,15, `tuned' by system
parameters rather than temperature, has enlarged the domain of
phase-transition physics. In electronic systems, transitions to
ordered ground states can occur when interactions between parti-
clesÐrather than single-particle potentialsÐplay a dominant role
in selecting the ground state. This situation is frequently encoun-
tered in the quantum Hall regime owing to the quantization of in-
plane kinetic energy into macroscopically degenerate Landau levels.
The ordered many-particle ground states discussed originate when
two or, in general, N Landau levels are brought close to alignment
and the total ®lling factor of these levels is an integer less than N3,6±8.
The close analogy between these states and those of two-dimensional
ferromagnets is often emphasized by using a pseudospin language16

to describe the Landau level degree of freedom. For the two-level
case, we refer to one of the single-particle Landau levels as the
pseudospin-up state and to the other as the pseudospin-down state.
A general quantum spinor with an arbitrary orientation can be
obtained as a linear combination of the up and down states.

Ferromagnetic states are characterized by non-zero pseudospin
polarization of the two-component many-particle system, even
when the splitting between the two Landau levels vanishes. In
single-layer two-dimensional systems at n � 1, the pseudospin
degree of freedom can be the real electron spin. In this case it is
rigorously established3 that the ground state is an isotropic strong
ferromagnet. In general, the pseudospin degree of freedom can
involve real-spin, the cyclotron orbit-radius quantum number, and
the layer index in multiple quantum wells or the sub-band index in
wide quantum wells5. Electron±electron interactions are then
expected to lead to tunable pseudospin anisotropy and to a complex
range of ordered states which can be explored by adjusting system
parameters, often in the same physical sample. In a double-quan-
tum-well structure, for example, Landau level crossings can be
accompanied by the introduction of a broken-symmetry phase
with easy-plane pseudospin anisotropy whose soft collective excita-
tions and related quantum phase transitions were recently
observed11±13.

The possibility of realizing quantum Hall ferromagnets with the
easy-axis (spin aligning along some ®xed direction below the critical
temperature)ÐIsingÐanisotropy, common in familiar magnetic
systems, has also been raised5. Experiments17 on several fractional
quantum Hall effect (QHE) transitions suggested interpretations
within this framework. However, no rigorous physical picture has
been developed to date which is able to describe quantum Hall
ferromagnets at fractional ®lling factors. The experiments reported
here reveal intriguing phenomena arising when Landau levels with
opposite spin and different sub-band indices are brought close to
degeneracy by applying an external electric ®eld. The observed

Figure 1 Longitudinal resistivity as a function of the magnetic ®eld and gate voltage. Dark

(bright) regions represent low (high) resistivity values. The dotted lines show the evolution

of the quantum-Hall-effect minima and are labelled by the corresponding ®lling factors n.

For gate voltages V g . 2 0:26 V, two sub-bands are occupied: the complex resistivity

pattern in this region originates from crossings between Landau levels of the two sub-

bands. Similar evolution patterns of the resistivity are obtained in different measurement

sessions after thermally cycling the sample. Changes of gate voltages of ,20 mV are

observed in different measurement sessions owing to small differences in the total

electron density. Measurements shown in both a and b were performed at T � 330 mK,

with lock-in techniques at a frequency of 12.5 Hz; the a.c. excitation current was set to

100 nA to avoid electron heating.


