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Fig. 2.— Azimuthally averaged radial profiles of ⌃dust /⌃dust,0 for five H004MP02 runs at 850 orbits at di↵erent resolutions. Runs A, C,
and E successively double the number of radial cells (nr ), while runs B, C, and D successively double the number of azimuthal cells (n ).
The profiles at r & 0.4rp converge with a grid of 4608 ⇥ 3072 or more cells (C, D, E). See §2.1 for details.

Two gaps, one planet

OR1,IR1

increases by 21% over the course of the simu-

lation.
We conclude that gap locations (spacings) serve as the
most robust metrics for model-observation comparisons.
Tables A.1 and A.2 in the Appendix list the locations and
values of ⌃dust /⌃dust,0 , respectively, of rings and gaps in
selected models at a time when OG1 is ⇠50% depleted
(for the exact times, see Table 1, second to last column).
3.3. The Dependence of Gap Spacing on h/r and Mp
Figure 5 plots the radial profiles of ⌃dust /⌃dust,0 in
models with varying h/r (top) and Mp (bottom). The
corresponding 2D dust maps can be found in the Appendix Figure A.1. All models are shown when surface
densities inside gaps are ⇠50% of their original values.
As h/r increases, or Mp decreases, gaps move away
from the planet and become more widely separated. Here
we explain these trends in the framework of the weakly
nonlinear density wave theory (Goodman & Rafikov
2001; Rafikov 2002a), and provide empirical fitting functions for rOG1 , rIG1 , and rIG2 .
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Eqn. (9) — lsh / h and lsh / Mp
— fit the behaviors of rOG1 rp and rp rIG1 well, as shown in Figure 6.
Consequently, rOG1 rIG1 , a.k.a. the “double gap” separation, obeys the same scalings. Empirically we find
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We expect the agreement to deteriorate as Mp approaches Mth .
The gaps inward of IG1 appear opened by the dissipation of additional (secondary, tertiary, etc.) density
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Outer regions in disks with cavities (a.k.a transition disks) can be fertile for planet formation.
HD169142: proof of concept to interpret the architecture of the outer regions of disks showing
evidence of giant protoplanets, with low mass planet formation.
Perez, Casassus, Baruteau, Dong, Hales & Cieza (2019)

e-by-side comparison between the ALMA 1.3 mm image of HD 169142 (left, same as in Fig. 1) and the
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Circumplanetary disks via kinematics
12CO

gas prediction

3D hydrodynamic simulation, isothermal (SPH/Gadget)

5 MJup

kink at CPD
location

Perez, Dunhill, Casassus et al. (2015) ApJL 811:L5

CPD dispersion

kink at CPD
location

I. kink at the CPD location
II. local increase in velocity dispersion

Kinematic detections

Velocity kink

HD 97048 (Pinte et al. 2019)

HD 163296 (Pinte et al. 2018)

see Christophe Pinte’s posters and Daniel Price’s poster

planet-disk interactions via kinematics

rez, S. Casassus and P. Benı́tez-Llambay
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Velocity centroids

3D isothermal simulation, FARGO3D (GPU), 1000 orbits

Deviations from Keplerianity

Perez, Casassus & Benitez-Llambay (2018)

see also: moment 2 predictions in “Planet-induced Line Broadening in Gaps” by Dong, Liu & Fung (2019)
and vortex prediction by P. Huang et al. (2018)

simple parametric model
with optically thick
continuum ring

HD100546 with ALMA at 1.3 mm

but, which kink is a protoplanet?

18x12 mas beam in continuum
70x50 mas beam in CO chans

Perez et al. 2019 on ArXiv

To find the CPD we need to subtract the ~Keplerian background (conical transform)
gas kinematics

C ASASSUS & P EREZ

continuum

deviations from Keplerianity

‘Doppler-flip’

Δv > 2 km/s

Figure 1. Doppler-flip in HD 100546. a: v , observed 12 CO(2-1) line centroid (paper I), after continuum subtraction. b: v m , azim
of the line centroid. c: Contours for v
v m , taken at 0.7 and 0.9 times the peak (1.1 km s 1 ) in both red and blue, overlaid on
continuum presented in paper I. d: v
v m , non-axially symmetric velocity field.
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•

‘2 narrow gaps and 3 rings’ can be used to study planetary cores of a few Earth
masses, as shown in HD169142 thanks to its isolated outer region:
a migrating low mass planet can reproduce the rings
#DustSubstructures #Migration #OnePlanetTwoGaps

•

kinematics is a great way of detecting/characterising giant protoplanets.
It requires high-fidelity: kinks everywhere. Probes larger scale planet-disk
interactions #CPD #Vortices #Gaps #SpiralWakes #KinkyKinematics

•

to pinpoint protoplanets location look for a local sign reversal in the kinematic
deviation (moment1-Keplerian) or #DopplerFlip

