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What are 
protoplanetary 
disks?
• Gaseous remnants around stars 

born out of collapsed stellar 
nebulae. 

• Precursor to our Solar System.
• May be crucial to the chemical 

composition of the Solar 
System.
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What do 
Protoplanetary 
Disks Look Like?
• Match the mass distribution of our 

Solar System. (Lynden, B., Pringle 
J. 1974; Hayashi, C. 1985).

• “Nice” model to reconcile 
planetary formation. (Desch 2007).

• O’dell 1994 image of Orion 
proplyd disks embedded in star 
cluster. 
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• Various radial density distributions.
• Hydrostatic equilibrium.

Mathematical Models

Hayashi, C. (1985)
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Short-Lived 
Radioisotopes in 
the Solar System

SLR Production

Solar System

SLR Production

SLR Production
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(Adams, F. 2010), (Ouelette, N. 2007; Bastian, N. 2013; Wijnen, T. 2017; etc.) 

Al-26, Fe-60, etc.

Nebula Protoplanetary Disk



My Goal
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Computational 
Framework 

Explore SLR injection, disk 
survivability

Control

Initial conditions of disk 
formation



Hydrodynamics
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• Hydrodynamics
• Self-gravity
• Sink Particles
• Adaptive Mesh 

Refinement (AMR)
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FLASH 
(Fryxell et al. 2000)

Visualizations created using yt
software package (Turk et al. 2011)



AMR in Action
• Eulerian Grid
• Adaptive Mesh 

Refinement
• Sink Particles 

(Federrath, C. et al. 2010)
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Images: Fryxell et al. 2000
PARAMESH: MacNeice et al. 2000

PARAMESH



• Solves conservative hydrodynamical equations for each cell face.
• Uses EoS solver to derive remaining information.

• FLASH is modular. But an enormous number of calculations need to be 
completed each run.

N_blocks =
n = refinement #

• Each block has 512 cells

• Each cell must be iterated through to 
solve hydrodynamical equations and gravity equation.

What Does FLASH Do?
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• Grid vs. Smooth-Particle Hydrodynamics (SPH) 
(Agertz, O. 2007)
• Grid-codes can resolve shocks and flow instabilities

• Important for SLR mixing

• Grids have issues with angular momentum conservation.
• Grids have issues with field discontinuities.

Is FLASH Appropriate to Use?
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First Attempt: A Disk in Equilibrium
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• Distributed density according to Hayashi (1985)
• Can change initial distribution easily in Simulation 

initialization file.

• Discontinuity at outer edge prevents disk evolution 
past a few time steps

• Add exponential decay to outer edge

Initializing a Disk in Hydrostatic 
Equilibrium
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• Even with buffer added to outer 
edge of disk: simulation is 
unable to progress more than a 
few time steps.

• Cells at inner boundary of disk 
become vacated, most likely the 
hydrodynamical solvers are 
failing at the discontinuity.

More Discontinuities!
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New Approach: A Disk From a 
Collapsing Nebula
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• Standard problem initializes 1 
Solar Mass of self-gravitating, 
rotating, sphere of gas ~4000AU 
across. 

• Cloud collapses, forms a sink 
particle, relaxes into disk 
2000AU across

(Federrath, C. 2010; Boss & Bodenheimer 1979)

A Collapsing Gas Sphere
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• In order to focus on a region closer to the desired few hundred AU as 
opposed to a few thousand, the standard problem can be scaled.

• Reduce all spatial parameters by a factor of 10.
• x,y,z coordinates
• Jean’s Length (Jeans, J.H. 1902)
• Density must increase by factor of 100
• Total mass reduced by factor of 10

Scaling Down The Sphere
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• Determines compressibility of gas based on its density.

• Isothermal, adiabatic, all needs to 
be scaled too.

Understanding the Equation of State
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Isothermal

Soft-adiabatic

Adiabatic



• Lee Hartmann: Accretion Processes in Star Formation
• When describing temperature profile: based on flat geometry with increasingly 

flared 

21



• Diverges significantly from 
proposed disk models Hayashi and 
Nice

• Models curtailed specifically for our
Solar System

• Disk appears relaxed. 

How Density Compares to Models
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• Pros:
• Easy to initialize
• Less time for user to make minor adjustments 
• Easy to scale

• Cons:
• Cannot manipulate disk structure directly.

Pros & Cons of the Collapsing Sphere

23



Inclining the Disk
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• Supernova can be introduced into the cubic simulation space through 
any one of the boundary faces.

• No easy way to introduce an inclined blast wave, so instead incline the 
disk by rotating initial coordinate system:

Inclining the Disk
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Blast Wave
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Angular 
Momentum Error



• ff
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• For how long is the disk in contact with the disk?

Matzner & McKee (1999), Ouellette et al. (2007)

Modeling Supernova
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Distance = 0.3pc
Travel Time ~ 120yr

Ejecta density will 
reduce by 1e-4 in 
2000 yr. 

Supernova



Used FLASH to create 
properly sized/behaved disk

Results
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SLR Production

Enabled users to incline disk 
at chosen angle.

Began analysis on behavior 
of constructed disk



Future Work
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SLR Production
Modeling & introducing supernova blast wave 
(Matzner & McKee 1999)

Simulating gas fragmentation and planet 
formation using Torch (Wall, J. E. 2019)

Angular momentum, gas accretion, etc. 
More complex physics: radiative transfer, magnetic fields.



Thank You

31



• Adams F.C. 2010. Annu. Rev. Astron. Astrophys. 48:47 

• Agertz O., et al., 2007, Mon. Not. R. Astron. Soc, 380, 963
• Bastian N., Lamers H. J. G. L. M., de Mink S. E., Longmore S. N., Goodwin S. P., Gieles M., 2013, MNRAS, 

436, 2398
• Boss, A. P., & Bodenheimer, P. 1979, ApJ, 234, 289
• Desch, S. J. Astrophys. J. 671,878—893 (2007)

• Federrath C., Banerjee R., Clark P. C., Klessen R. S., 2010, ApJ, 713, 269
• Fryxell B., et al., 2000, ApJS, 131, 273 

• Hayashi, C. 1981, Prog. Theor. Phys. Suppl., 70, 35
• Jeans, J. H. (1902). ”The Stability of a Spherical Nebula”. Philosophical Transactions of the Royal Society A. 

199: 1—53.

References

32



• Lynden-Bell D, Pringle J. 1974. MNRAS 168:603—37 

• MacNeice, P., Olson, K. M., Mobarry, C., de Fainchtein, R., & Packer, C. 2000, CoPhC, 126, 330
• Matzner, C. D., & McKee, C. F. 1999, ApJ, 510, 379 

• Ouellette, N., Desch, S. J., & Hester, J. J. 2007, ApJ, 662, 1268
• Turk M. J., Smith B. D., Oishi J. S., Skory S., Skillman S. W., Abel T., Norman M. L., 2011, ApJS, 192, 9
• Wijnen, T. P. G., Pelupessy, F. I., Pols, O. R., & Portegies Zwart, S. 2017, A&A, 604, A88

References (II)

33



• df

Modeling Supernova
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• Successfully scaled down a FLASH test problem to create a ~0.09 solar mass 
sink-particle surrounded by a ~0.01 gaseous disk.

• Enabled users to incline the rotating cloud’s velocity vectors and any defined 
density inhomogeneities (and therefore inclining the resulting disk).

• Additional questions: quantifying angular momentum loss and mass accretion 
dependency on inclination, density profile evolution, etc.

• Ultimately created a framework on which the introduction of a supernova blast 
can be tested, along with more complex physics by implementing FLASH’s 
physics modules.

Results
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Block Requirement Calculation
N_blocks =

With n = refinement number
N_cells =

N_flow solves =
At ~200 blocks per processor, the lowest resolution runs can be completed 
on a modestly robust laptop
I used Draco computer cluster, build OpenMPI by hand (Necessary for multi-
node computing) 

Is FLASH the best?
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Banerjee & Pudritz (2006)
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• Oscar Agertz: Differences between SPH and grid: 
http://adsabs.harvard.edu/full/2007MNRAS.380..963A
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\frac{\partial \rho}{\partial t} +\boldsymbol{\nabla} \cdot (\rho \boldsymbol{v}) = 0 \\
\frac{\partial (\rho\boldsymbol{v})}{\partial t} + \nabla
\cdot(\rho\boldsymbol{v}\boldsymbol{v}) = \boldsymbol{g} - \frac{\nabla p}{\rho} \\
\frac{\partial (\rho E)}{\partial t} + \nabla \cdot [(\rho E + P)\boldsymbol{v}] = \rho 
\boldsymbol{v} \cdot \boldsymbol{g}

\frac{\partial \rho}{\partial t} +\boldsymbol{\nabla} \cdot \rho \boldsymbol{v} = 0 \\
\frac{\partial \boldsymbol{v}}{\partial t} + \boldsymbol{v} \cdot \nabla \boldsymbol{v} + 
\frac{\nabla p}{\rho} = \boldsymbol{g} \\
\frac{\partial e}{\partial t} + \boldsymbol{v} \cdot \nabla e + 
\frac{p}{\rho}\boldsymbol{\nabla}\boldsymbol{v} = 0
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