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Trans-neptunian objects (TNOs) represent the relics of planet accretion in the primordial
planetesimal disk, and therefore they carry precious information about the origin and evolution of
the solar system. These icy bodies are found mainly in two reservoirs, the trans-neptunian belt
(30-48AU) and the scattered disk (typically >48AU). In order to understand the origin of the
trans-neptuntan region (>30AU) architecture, I conducted several theoretical investigations, using
mainly statistical tools and numerical simulations. The main results are the following: 1) Physical
properties. Large TNOs have generally higher inclinations and orbit in the inner trans-neptunian belt
(<45AU); Larger TNOs have albedos >0.04 and increasing with size, possibly caused by icy frosts
of common species found in the outer solar system: CHa, Ny, or/and CO. 2) Long-term evolution.
TNOs are stable at 42AU and beyond, provided perihelion ¢g>37AU, or if they are trapped in a
resonance. This stability is in contrast with the lack of TNOs in the outer trans-neptunian belt
(>45AU), and the absence of low-eccentricity objects beyond about 50AU (the so-called
trans-neptunian belt outer edge); Resonances play an important evolutionary role in the inner region
of the trans-neptunian belt (40-45AU), while only the 2:1 resonance is relevant for the evolution in
the outer region (45-50AU). 3) Dynamical classification. There are five main classes: centaurs,
resonant, scattered (¢<37-40AU), detached (g>40AU), and classical TNOs (37-48AU; ¢>37-38AU);
Resonances alone cannot explain the population of detached TNOs, implying the origin of the latter
requires a perturbation mechanism other than Neptune’s gravity or resonances associated with the
giant planet; Stable resonant TNOs currently inhabit between 30 and 108AU, revealing a significant
population in the trans-neptunian region. 4) Origin of scattered disk resonant TNOs. Long-term
resonant TNOs (median ~4Gyr) in the scattered disk must have originated from sweeping resonances
over a previously dynamically excited trans-neptunian belt (e.g., with initially moderate-large
eccentricities and/or higher inclinations). It is also required a primordial planetesimal disk extending
to 45-50AU in size, and an excitation mechanism operating during the early solar system. 5) 4
planet beyond Pluto. After considering several observational constraints and taking the previous
results altogether, a model for the origin and evolution of the trans-neptunian region is presented.
Just after the formation of the giant planets, the model describes the history of the outer solar system
in three main stages: pre-migration excitation of the planetesimal disk (~30-80Myr), planet
migration (~100Myr), and long-term sculpting by the planets (~4.4Gyr). In the first stage, the newly
formed ice giant planets clean their neighborhood scattering away all planetesimals orbiting nearby.
A large Neptune scattered planetesimal (0.3~0.5 Earth masses) is assumed to remain in the outskirts
of the ancient trans-neptunian belt, thus exciting the orbits of the outermost planetesimals over a few
tens of Myr. During the onset of planet migration, the large planetesimal (the outer planet) is

assumed to be captured by a sweeping strong resonance with Neptune of the type »:1 (e.g., 6:1),
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which then transports the planet to large distances beyond Pluto (>100AU). Finally, in the last billion
of years, the gravitational influence of the planets sculpts the entire trans-neptunian region. In short,
the trans-plutonian planet model is able to explain the following: a) Inner depletion of the inner
trans-neptunian belt; b) The entire resonant structure in the trans-neptunian region; ¢) Formation of
scattered and detached TNOs; d) The dual nature of the classical region, with physically distinct cold
and hot populations; ¢) The primordial excitation and the current outer edge of the trans-neptunian
belt; £) The loss of >99% of the initial total mass of the trans-neptunian belt through dynamical
depletion and enhanced collisional grinding. The best observational constraints obtained from the
model for this massive outer planet are: ap=100-150AU, ¢p=80-90AU, ip=30-50°, albedo=0.1-0.3,
and apparent magnitude mp=15~17mag at peribelion. In summary, based on common and well
established mechanisms/assumptions, such as giant planet scattering, existence of large
planetesimals in the past, planet migration, and resonance sweeping capture, the model with a planet
beyond Pluto can reproduce much of the trans-neptunian region with high level of details in a

self-consistent way.
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