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Abstract then, many numerical works have emerged to check
the theories with simulations, but most of them fo-
With very high spatial resolution, accurate numeri- cused onsecondary(derived) quantities such as the
cal solver, and precise planetary potential, we carry Planetary migration rate or the gap opening mass.
out 2D shearing sheet simulations to provide detailed Here we carry out detailed numerical explorations of
quantitative comparisons of numerical results with density wave excitation and propagation in both linear
both linear and nonlinear analytical theories on the and nonlinear regimes, and provide quantitative com-
density waves excited by planets in protoplanetary parisons with analytical results in terms of the spatial
disks. We achieve very good agreement (at the level distributions of the surface denSity perturbation, plan-
of several percentwith theories orprimary physical ~ etary torque (in both physical arkurier space), the
variables. Also, we study issues which are ignored by growth and damping of the angular momentum flux
the theories, such as the nonlinear effect in the linear (AMF) carried by the wave, potential vorticity gener-
stage. The effects of various numerical parameters areation at the shock, and the shocking distance depen-
extensively investigated, and we provide a framework dence on the planetary mass.
for future code test in the field of planet-disk interac- .
tions. Finally, we discover a commonly ignored but 2. Code and Numerical Setup
important numerical issue in simulations, which if not
handled correctly will lead to incorrect simulation re-
sults and an artificial gap opening phenomenon.

We carry out 2D shearing box:(= r — r, and

y = rp(6 — 6,)) inviscid hydrodynamics simulations
using Athena, a grid-based code using higher-order
. Godunov methods [4]. The simulations are done with
1. Introduction 3rd order accuracy Roe Riemann solvers and with spa-
cial resolution 256 grid points per scale heighy (We
explore both the isothermal equation of state (EOS)
and an adiabatic EOS with= 5/3, and use very low

The discovery of “hot Jupiters” residing on very tight
orbits from their host stars and the short type | migra-
tion timescale compared with the life time of the pro- mass planets (a few lunar to a few Earth masses at 1
toplanetary disks motivate the study of planetary mi- AU in the MMSN model- the simulation mass unit is
gration, in which the density waves excited by planets 3 .
embedded in protoplanetary disks play a central role. Mih = g, Wherec; is the sound speed) to better
The interactions between the waves and the embed-Separate the linear and nonlinear regimes. The plane-
ded planet transfer angular momentum between thetary potential is implemented as
di_sk and the planet, ultimately resulting _in the orbit.al p? 4 1.5¢2
VT;%r:Stmcxgno;rECz pllat;lelt. Alt t_he meantm_1e, dens_|ty P, = _G,Mpi(p2 - r?)?’j?’ (p=+22+y2) (1)
global evolution of the disk, leading 5

to the migration feedb_ack which S|OWS down the type \yhich converges to the Kaplerian potential
| migration and poten_t|ally gap opening, once they are (_GM,/p) as (Ts/p)4 for p > r.. The numeri-
dampgd and the carried AMF is transfgrred to the disk 4 viscosity is below Shakura-Sunyaev= 10~ for
material. Thus, a better understanding of the den- typical runs.
sity wave properties and processes of their excitation,
propagation, and damping plays a crucial role in the 3. Results
global picture of planet formation.

The analytical theories of density wave evolution in  Our results show quantitatively good agreement with
protoplanetary disks have been firmly established in theory in bothphysicaland Fourier space, as Fig. 1
both the linear [1] and nonlinear regimes [2]. Since showing two examples. Specifically, in panel (a) the



evolution of the numerical torque at the smallend solver, and potentiab, = —GM,/(p? + r2)'/2 with
with z is because the wave collects smaller and smaller ., — 1,/4). Comparing with theory, our fiducial sim-

myn resonance on its way away from the planet, while ylation demonstrates good agreement, while the other
the growth of power at the higin end is because the  one produces a density perturbation at lower ampli-
nonlinear effect becomes prominent at large distancetude (by~ 20%), a lower asymptotic final torque (by
even when the wave is formally linear. Other manifes- ~ 30%), and most importantly, an largely advanced
tations of the nonlinearity in the linear stage include nonlinear wave damping (a factor of 2 in distance),
the steepening of the density profile, and the slight de- which further affects the global disk evolution, such as
pression of the asymptotic torque value at large plan- the migration feedback and the gap opening. We note
etary mass (in addition to the expectedM; depen-  that the way in which we make the comparison with
dence), causing a deviation from analytical results by the theory and the agreement we achieve may serve as
several percent. In the linear regime, we persistently g standard framework for future code tests.
find a disagreement with the theory in the form of a e discover a generally ignored numerical issue in
change of sign in the torque density calculation at a disk-planet simulations. To resolve the motion of the
fixed distance from the planet, though it only weakly fluid in regions where the fluid experiences the largest
affects the total torque on the planet. In the nonlinear gravitationa| acceleration, the numerical time S&p
regime, we study the potential vorticity generation at should be larger (by a certain factor) than the limiting
the nonlinear shock, and use it to pin point the shock (smallest) dynamical timescale in the simulation do-
location. In addition, we find that the linear damping main (which in disk-planet simulations usually occurs
due to viscosity, even at the level of = 107%, can gt the grid points closest to the planet for normal plan-
Stl’ongly affects shock formation, the nonlinear wave etary potentia| imp|ementa‘[ions)_ We find whéinvi-
evolution, and the AMF damping process. olates this condition (while still satisfying the Courant
condition), the simulation produces an numerical arti-

g 0 a 1 fact which is visually very similar to (and can easily
= ) N be confused with) the gap opening phenomenon. This
= § issue applies to all simulations with point masses in
54 .o =2 0.5 disks, and particularly affects the low resolution ones
26— z= %L E‘"’ (32/h or lower), and the ones using the Fast Advection
o) z =5h | @ Simulations in Rotating Gaseous Objects technique (FARGO [3],
o 8/ — Theory [1] Of — Theory [2] . . .

RS 51 1 0 5 T 0 which results in a much larger time stépthan usual).

— log(M, /M) In our simulations with FARGO, runs Win ~ Mth_

and a large’s = h/4 must have an effective resolution
at least64/h in the vicinity of the planet to avoid this
problem (a more smoothed potential may weaken this
condition, through).

Figure 1: Comparisons with the analytical theories on

(a) the ratio of the torque at eaehy,;, Lindblad reso-

nance to its value under WKB approximatidre(the

torque cut off in Fourier space), and (b) the shock-
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