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Simulation data from Verrios+ (2022)

Why do we get this?



Take Fourier modes (in azimuth) of planet potential:

P
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…and run a hydro simulation for each:

P P P P

Bae+ (2022)
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Spiral Wake Structure



𝛿𝑟(𝑡) =
Ψ!(𝑟)

Ω" −𝑚" Ω − Ω#
"
cos(𝑚 Ω − Ω$ 𝑡)

How can we understand this?

Calculate the linear disk response

Calculate the planet forcing on a test particle

Expand to second-order and add Fourier components form of potential

Lin & Shu (1964)

Orbital Kinetic Energy Star + Planet Potential

(+ WKBJ approximation)
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Lindblad resonances occur when Ω. = m
.
Ω − Ω/

.
since the solution explodes

From the dispersion relation we obtain resonance locations

Spiral wave of mode m is 

excited at these radii
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Spiral mode phase

Obtain lines of constant phase

Launching offset
(complicated. from Airy 

function, Ward 1986)
Propagation term

(from dispersion)

Bae & Zhu (2018)
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Pretty spirals!
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𝑛 = 0

+

=
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Ogilvie & Lubow (2002)



Semi-Analytic Calculation



FFT

Linear wake generation

(solve nearby planet 

for Fourier components)

Bollati+ (2021)

Local approximation

Goldreich & Tremaine (1978)
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Non-linear wake propagation
(use linear as initial condition)

t

η

𝜕!χ − χ𝜕"χ = 0

ICs for 
propagation

Solved with finite-volume 

(Godunov) scheme then mapped 

to real space

(If you are interested in the details, ask me 
afterwards! The derivation is very long)
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Method improvements:

• Higher order accuracy for velocity components

• Adaptive time-stepping

• Efficiency (100x speed increase)

• More accurate initial condition retrieval

• + more

16 of 25



Velocity improvement

Rafikov (2002)
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Applications



Disk Kinematics

Data from Czekala et al. (2021); Oberg et al. (2021)
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Disk Kinematics

Data from Czekala et al. (2021); Oberg et al. (2021)
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Calcino+ (2022)

HD 163296
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HD 163296

Calcino+ (2022) 22 of 25



HD 169142

Garg+ (2022)

+ MCFOST
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Other possible applications:

• Statistical tools:
• Daniele Fasano working on incorporating Wakeflow into Discminer 

to measure planet masses from kinematics

• Cheap parameter space exploration before expensive hydro 
models

+ your ideas?
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Limitations
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wakeflow.readthedocs.io 27
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