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Abstract
In order to model the favorable conditions for planetary formation, we have designed a hydrodynamical 
numerical model for the spreading of protoplanetary disks based on a self-consistent coupling between the disk 
thermodynamics, photosphere geometry and dynamics (Baillié & Charnoz., 2014, ApJ 786, 35). We retrieved 
the recurrent observational properties of protoplanetary disks around young Classical T Tauri type stars. The 
proper treatment of the disk geometry lead to the apparition of non-irradiated zones. Here, we show the 
importance of the disk composition: using a full-opacity model, our disk temperature takes into account the 
various changes of phases of the disk components. This is crucial for estimating the resonant torques that a 
planet would experience: corotation and Lindblad torques are very sensitive to the discontinuities in surface-
mass density and temperature gradients. From these torques, we show that there are some preferential zones 
for planetary embryos to accumulate and that some regions could be totally depleted in planetary cores.

Figure 1 : Geometric model of an irradiated protoplanetary disk.

Lynden-Bell and Pringle, 1974

Outer regions keep 
longer memory of 
initial conditions

Steady state: 
shallower 
profile

Problematic
Disk lifetime ~ a few 106 years
       (Beckwith & Sargent, 1996, Hartmann et al., 1998)

 Type I inward migration ~ 105 years
       (Artymowicz, 1993, Ward, 1997) 

 Planetary formation ~ 106-7 years
       (Pollack et al., 1996)

Need to slow down inward migration.

Possible planet trapping at 0-torque radii
(Lyra et al., 2010, Bitsch & Kley, 2011, Hasegawa & Pudritz, 2011)

Can the proper treatment of temperature 
and geometry provide favorable conditions 

for planet trapping ?

Model
1D + 1D numerical viscous spreading hydrodynamical code
from Baillié & Charnoz, 2014.
Evolution of an initial Minimum Mass Solar Nebula :

 irradiation heating + viscous heating + radiative cooling
 coupling dynamics & thermodynamics (turbulent viscosity)
 coupling temperature & photosphere geometry (→ shadowing)
 realistic opacity model (Semenov et al., 2003)

Influence of the disk composition
on the midplane temperature

Opacity reflects the phases of the disk
components as a function of the temperature.
Strong influence of the water ice and
silicate sublimation.

 Steady state, uniform mass flux : Σ∝r -1

// Observations (Andrews et al., 2009, Isella et al., 2009)

 Temperature plateaux at T
sublimation

 

 Gradient discontinuities in surface mass
density and temperature.

Planetary migration torques
Lindblad torque :
A planetary embryo interacts with the disk, create spiral density waves at resonance 
locations and yield angular momentum to the disk →  inward type I migration.
Goldreich & Tremaine, 1979, Ward, 1997, Hasegawa & Pudritz, 2011b

Wavenumber ~ continuous function of r
→ torque density

Corotation torque (horseshoe drag)
may slow down or reverse migration.
Ward, 1991, Paardekooper et al., 2010, Bitsch et al., 2014

Very sensitive to Σ and T gradients.

Directly estimated from the hydrodynamical
evolution rather than from power-law fits.

For a 10 M planet in an initial MMSN.
Γ

Lindblad
 > 0 for 8.8 < r < 9.8 AU

& 10.8 < r < 11.4 AU
Γ

corotation
 alternatively > 0 and < 0

Conclusions
 Steady state reached in ~ 1 Myr : observationnal constraints retrieved
 Temperature plateaux at the disk components phase changes
 Enlarged snowline migrating inward and stabilizing below 2 AU
 Migration torques are very sensitive to Σ and T gradients
 Realistic geometry and disk composition favor planet traps and deserts

Perspectives
 Molecular cloud collapse + proto-sun evolution
 Photo-evaporation
 Variable turbulent viscosity, deadzones
 Observationnal characterization of temperature plateaux and shadowed regions
 Multiple planets

Figure 2 : Opacity variations with local temperature
(from Semenov et al., 2003)

Figure 3 : Evolution of the surface-mass density and temperature radial profiles for an initial MMSN.

Figure 5 : Time evolution of the snowzone 
and sublimation zone positions.

Figure 4 : Mid-plane temperature radial profile 
after 1 Myr. Shadowed regions in gray. The 
ratio of the viscous heating contribution over 
the total heating is presented in red, the 
grazing angle profile in yellow and the optical 
depth profile in blue.

Figure 8 : Time evolution of the locations of the planetary traps and deserts.

Figure 7 : Radial profile of the total torque after 1 Myr 
with temperature and surface mass density radial 
profiles. Shadowed regions are displayed in gray.

Figure 6 : Radial profile of the Lindblad, corotation and total 

torques after 1 Myr for M
P
=10 M. Gray: shadowed regions.

0-torque radius ~ equilibrium radius
 traps at 9.8 AU & 11.4 AU
 deserts at 8.8 AU & 10.8 AU

// Bitsch et al., 2011 : eq. radius at 
12.5 AU for 20 M-planet.

Eq. radius correlated with density 
and temperature irregularities.

 Multiple migrating trap and 
desert populations

 Traps at r ~ 1 AU until 1000 yr

 Correlation between a desert 
population and the heat 
transition barrier

 Shadowed regions outside 
the temperature plateaux

 Sharp edge at the heat 
transition barrier

 Enlarged snow and 
sublimation zones, 
migrating inward.
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