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Vorticity Generation in Protoplanetary Disks 

Josef Koller* and Hui Li* 

'Applied Physics Division, X - I ,  MS P225, Los Alamos Natiotial Laboratoly, NM 87545 

Abstract. Global two-dimensional inviscid protoplanetary disk simulation show the generation of 
vorticity in the co-orbital region of the planet. Emanating shock waves from the planet lead to non- 
conservation of vorticity along particle paths. As the system evolves, the potential vorticity (PV or 
vortensity) profiles eventually develop extrema which renders the disk unstable and vortices emerge. 
We discuss how these changes occur along particle paths. 

INTRODUCTION 

The discovery of extrasolar planets induced new interests in-the study of planet forma- 
tion. It is generally accepted that planets form in flattened disks where tidal interactions 
between planet and the gaseous/dusty disk play a significant role. (Papaloizou & Lin 
1984, Ward 1997). Several authors studied vortices in protoplanetary disks (de la Fuente 
Marcos & Barge 2001, Davis 2002) but not their formation mechanism. We present here 
two-dimensional disk simulations showing how a planet and its associated spiral shock 
waves self-consistently generate vorticity and render the flow eventually unstable. 

INITIAL SETUP 

We assume a thin protoplanetary disk which can be described by the inviscid two- 
dimensional Euler equations in cylindrical ( r ,  $) coordinates with vertically integrated 
quantities. Two gravitating bodies, a central star and a protoplanet, are located at Y = 0 
and Y = 1, respectively. The disk is modeled in the range 0.4 5 Y 5 2. The planet is on a 
fixed circular orbit at Y = 1. The self-gravity of the disk is not included. 

Its Hill 
(Roche) radius is rH = (p/3) ' I3 = 0.032. The disk is assumed to be isothermal with 
a constant temperature throughout the simulation region (i.e. it is attached to a thermal 
heat bath). We scaled all parameters by the Keplerian rotation speed vo at r = 1.  The 
sound speed is therefore c,/vo = H / r  where H is the disk scale height and we choose 
c, = 0.05 for this paper. We select an initial density profile such that the ratio of vorticity 
to surface density is constant, i.e. 5 = (V x v )JC  M const. Since rH < H the planet 
is embedded. The gravitational potential of the planet is softened by an approximate 
three-dimensional treatment (D' Angelo, Kley & Henning 2003). Although there is some 
accumulation of gas near the plant, we do not allow any disk gas to be accreted onto it. 
The planet's potential is switched on over 10 orbits to give the disk time for an adiabatic 

The mass ratio between the planet and the central star is p = M p / M ,  = 



FIGURE 1. Azimuthally averaged surface density (E) and vortensity (0 at t = 50P for the sound speed 
cs = 0.005. The dashed lines represent the initial values for the surface density and the vortensity. In this 
plot the density is reduced to a flat profile to enhance the features. The simulations where done with an 
actual density profile of C 0~ r -3 /2 .  

adjustment. We also made simulations with longer turn-on times but the results presented 
here do not depend on them. 

The simulations are carried out using a code based on FARGO (Fast Advection in 
Rotating Gaseous Objects) by Masset (2000) and Li et al. (2001). We allow for inflow 
and outflow at the inner and outer radial boundary. We studied the influence of several 
grid resolutions up to (nr, n#) = (600,2400). Here we applied a lower resolution of (300, 
1200). Again, the results presented here do not significantly depend on the grid size. 

SPIRAL SHOCKS AND PARTICLE PATHS 

The disk responds to the planet's potential by creating spiral shock waves (Goldreich and 
Tremaine 1979) from dissipated waves launched by the planet. They deposit angular 
momentum in the disk. Such angular momentum exchange drives disk material away 
from the planet creating dips in the azimuthally averaged density distribution (E). 

Fig. 1 describes how the PV and density profile (C) changes with time. The vorten- 
sity shows two very distinct peaks Ar = ( r  - l ) / r H  FZ f3.4rH and dips at Ar M k2.3rH 
developing from a constant initial profile. As we described in Koller, Li & Lin (2003, 
hereafter paper I), vortensity dips develop, eventually become unstable and form vor- 
tices. 

should be conserved along stream- 
lines in an inviscid disk (see paper I). In this case, however, streamlines of test particles 
show that for IArl > 1.3rH, the material passes through a spiral shock where the dissi- 
pation breaks the PV conservation. Fig. 2 shows where the normal velocity component 
to the shock becomes supersonic. Since the sound speed is c, = 0.05 (indicated by the 
dashed-dotted line), the shock starts at roughly lArl > 1.3rH. 

According to the conservation law of vortensity, 



FIGURE 2. Total velocity (dashed) and normal velocity component (solid) in the pre-shock region. 
Since the sound speed is cs = 0.05, the shock starts at roughly Ar < l . 3 rH.  Only the inner shock is plotted 
here. The planet is located at Ar = 0. 

To establish the role of shocks in breaking the PV conservation, we performed several 
runs with test particles. We placed particles in regions where the vortensity change is the 
largest, i.e. between lArl = 1.5rH and 4rH. Fig. 3 describes how the vortensity changes 
which each pass through a shock. Each time a particle crosses the spiral shock, it gains 
or looses vortensity by redistributing PV in that region. Outside the shocked region 
the vortensity of the particle stays constant (in agreement with the theory of vortensity 
conservation). The upper panel in Fig. 3 shows a particle crossing the shock at Y z 1 .5rH. 
However, the particle spends most of its orbit at around r E 2.2rH. The deflection is 
due to the planets gravitational potential. The lower panel describes the evolution of a 
particle with increasing PV. The particle is also attracted by the planet, however by the 
smaller amount of 0 . 4 5 ~ ~  which means the particle crosses the shock around Ar E 3rH 
but spends the remainder of its orbit at 3.5rH. This change of r ( t )  near the planet has to 
be taken into account for explaining why the shock leads to a decrease in PV in some 
regions and to an increase in others. The results will be published in a forthcoming paper. 

CONCLUSION 

We carried out high resolution two-dimensional inviscid disk simulation with one em- 
bedded planet. We find that the planet excites spiral shocks in the disk which do not 
conserve potential vorticity. Depending on the region where test particles cross the spi- 
ral shock, it can increase or decrease the potential vorticity profile. Eventually inflection 
points are created which render the flow unstable (see paper I). The growth rate of vor- 
ticity is linear however each particle experience a loss or gain of PV only when it crosses 
the shock. Since most of the time the particle orbits in a smooth region without a shock, 
it’s PV remains constant. This results in a step like function for its vortensity. 
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FIGURE 3. Vortensity evolution along a particle path. A particle passing through the shock in a region 
where vortensity is decreasing (upper panel) or increasing (lower panel). Outside the shocked region the 
vortensity is constant. Each shock crossing leaves the particle with a residual or loss of vortensity which 
is accumulated over time. 
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