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Constraints:
• Orbital Configuration 
• Magma Ocean/ 
    Lack of Volatiles 
• Isotopes
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Nakajima & Stevenson (2014) 
arXiv:1401.3036
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Fig. 4. page 1: SPH simulations with N = 104 (top row), 105 (second row), and 106 (third row) particle resolution, compared with a CTH simulation (bottom row) with a
198 km minimum cell size. The collision is a low-velocity, oblique impact comparable to that in Fig. 2 of Canup (2004a), with c = 0.13, vimp = vesc, b0 = 0.72, LT ! 1.25LEM, and no
pre-impact spin. Color scales logarithmically with density, per color bars in first SPH and CTH frames, with dark blue to deep red corresponding to 10"6 g cm"3 to about
20 g cm"3, respectively. Values for all SPH particles are overplotted in order of increasing density (so that the highest density values are plotted on top, allowing for easiest
comparison with the CTH results), while CTH images show the density in the midplane. Columns left to right correspond to t = 1, 3.8, and 5.4 h. Fig. 4, page 2: Columns left to
right correspond to t = 8.6, 24.7, and 49.5 h and 40.3 h. (for the SPH simulations) and 40.3 h (for the CTH simulation).

204 R.M. Canup et al. / Icarus 222 (2013) 200–219

γ MT b vimp Tspin MD LD S ave VMF
(a) Standard 0.13 1.02 0.75 1.0 0 1.35 0.26 4672 19%
(b) Fast-spinning Earth 0.045 1.05 -0.3 20 (km/s) 2.3 2.36 0.44 7132* 96%
(c) Sub-Earths 0.45 1.04 0.55 1.17 0 3.07 0.64 7040* 88%
(d) Intermediate 0.3 1.00 0.6 1.0 0 2.80 0.57 5136 31%

Table 1: The initial conditions and outcomes. γ is the impactor-to-total mass ratio, MT is the total mass scaled by the Earth mass, b is the scaled
impact parameter, vimp is the impact velocity scaled by the escape velocity (except b), and Tspin is the initial spin period of the target (hrs). MD is
the disk mass scaled by the Moon mass, and LD is the angular momentum of the disk scaled by the current angular momentum of the Earth and
Moon. S ave is the averaged entropy of the disk (J/K/kg). The asterisk indicates that the entropy increase due to mass-redistribution of the disk is
considered (discussed in Section 2.4 and the Appendix.) VMF is the vapor mass fraction.
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Figure 1: Each panel shows a projection of a 3D calculation onto the equatorial plane. In the top panel, color scales with the entropy of forsterite in
J/K/kg. In the bottom panel, particles originating from the target are shown in blue and magenta. Particles originally from the impactor are shown
in sky blue and yellow. The magenta and yellow particles (their sizes are magnified) become part of the disk.

3.1. Isentropic disk
Figure 1 shows snapshots of the impact simulations

of the four different scenarios. The upper panels show
the entropy at the impact and the bottom panels show
the origin and fate of the particle. The magenta particles
(target-origin) and yellow particles (impactor-origin)
become part of the disk. We refer to the particles that
eventually form the disk as “disk particles” hereafter.
In (a), the impactor is destroyed by the impact and the
tides from the planet and then form a disk. Most of the
disk particles come from specific parts of the impactor.
Since the disk particles have similar distances from the
impact point, they gain similar extent of shock-heating
and entropy. This leads to a relatively isentropic disk.
This feature is clearly shown in Figure 2a. This fig-
ure shows the probability distribution of a disk particle,

P(r, S ), color-coded according to its intensity. The num-
ber of the SPH particles is counted at a given r±∆r and
S ± ∆S (∆r = 0.02R⊕ and ∆S = 20 J/K/kg). P(r, S ) is
obtained by normalizing the number by the total num-
ber of SPH particles at that radius. Note that P(r, S ) is
statistically irrelevant in a sparse region (near the outer
edge of the disk). Although the entropy of the disk in
(a) has a dispersion, it is relatively uniform and a weak
function of r.
In (b), a small impactor smashes into the rapidly-

rotating oblate planet. The impact is so energetic that
a part of the planetary mantle is stripped off. Most of
the disk particles are initially located near the surface
(shown in magenta in Figure 1b). These particles are
ejected in the z-direction after the first shock. When
they fall back to the z = 0 plane, they collide with the
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N. Hosono et al. / Icarus 271 (2016) 131–157 137  

Fig. 5. Specific internal energies for model 1.15  within 0.1 R E slice with both methods are shown. The color bar is given at the bottom. Top two rows show the results of 
DISPH, while bottom two rows show those of SSPH. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.) 
objects with core–mantle boundary. We overview the time evolu- 
tion of eight models obtained with two different methods, DISPH 
and SSPH in Section 4.2  . In all runs, we found the differences 
between the results with two methods are rather significant. In 
Section 4.3 , we compare the predicted mass of the moon obtained 
with two methods. In Section 4.4 , we investigate the cause of this 
difference. 

4.1. Collisions of single-component objects 
We consider collisions between single-component planets con- 

sisting of only granite mantle. Here we performed two types of im- 
pacts; one is the collision between equal mass objects, the other is 
the same target-to-impactor mass ratio as described in Section 3 , 
but with single-component objects. Since the objects have no 

8 J. A. Kegerreis et al.

Figure 6. A mid-collision snapshots of a grazing impact with 108 SPH particles – compared with the more head-on collision in Fig. 5 –
coloured by their material and internal energy, showing some of the detailed evolution and mixing that can now be resolved. In the left
panel, light and dark grey show the target’s ice and rock material, respectively, and purple and brown show the same for the impactor.
Light blue is the target’s H-He atmosphere.

mon aim in cosmology, to simulate a larger patch of the uni-
verse), or we can study a small system with higher resolution
to model smaller details.

In other words, much like the size of a telescope aper-
ture, the number of simulation particles limits the objects
that can be resolved and studied. Standard works today use
105 up to 106 SPH particles which is insu�cient for study-
ing e.g. impacts onto planets with thin atmospheres or the
details of ejected debris. However, attempting to simply add
more particles to enable new discoveries is a serious compu-
tational challenge and, much like simply building a bigger
telescope, is very (computationally) expensive.

Continuing the example of giant impacts on planets
with atmospheres, most previous studies have for this reason
instead used analytical approaches and 1D simulations, to
estimate erosion from a range of head-on impact energies
(e.g. Inamdar & Schlichting 2016). To our knowledge, the
Uranus impact simulations of Kegerreis et al. (2018) were
thus the first in three dimensions to quantify giant-impact
erosion with inter-particle self-gravity, as well as the first
to test a range of impact angles. This leaves much of this
complex topic’s huge parameter space still to be explored,
especially for lower mass atmospheres (Liu et al. 2015).

In addition to opening up new studies that were previ-
ously out of reach, the importance of improving resolution
for existing topics as well was demonstrated by Hosono et al.
(2017). Concerningly, they found giant impact simulations
that gave apparently reliable results with up to 106 particles
had not actually converged when re-tested with 107–108.

Of course, just because a simulation has numerically
converged on a result does not make that result physically
correct! SPH has several well-known di�culties, such as the
interaction of multiple materials, which may not be imme-
diately fixed by higher resolutions. That said, it is crucial
that we at least converge on the answer to the (imperfect or

not) question that we ask a computer to solve, so this is an
important first step.

4 URANUS GIANT IMPACTS WITH 105–108

PARTICLES

We now use these tools for first creating and then simulating
planets to study one of the most striking examples of the
consequences of giant impacts in our solar system, Uranus,
at very high resolution. Uranus spins on its side. With an
obliquity of 98� and its major moons orbiting in the same
tilted plane, the common explanation is that a giant impact
sent the young planet spinning in this new direction.

We ran SPH simulations to study the consequences of
this violent event using ⇠106 particles (Kegerreis et al. 2018,
hereafter K18) – as an improvement on the <104 particles
in the single previous study by Slattery et al. (1992) almost
30 years ago. As well as confirming that the impact can ex-
plain Uranus’ spin, we found that with a grazing collision
the impactor could form a thin shell around the planet’s ice
layer, possibly trapping the interior heat to help explain the
freezing outer temperatures. We could also just about re-
solve the low-density atmosphere and ejected debris, finding
that ⇠10% of the atmosphere becomes unbound to escape
from the system and a small amount of the impactor’s rocky
core becomes mixed into the surviving outer atmosphere.
Kurosaki & Inutsuka (2019) recently explored a di↵erent,
complementary part of this wide parameter space with ⇠105

SPH particle simulations. They varied the entropy of the
proto-Uranus target to examine the e↵ects on the angular
momentum and the debris.

Here, we repeat some of the simulations from K18 with
⇠105, 106, 107, and 108 particles, to demonstrate the simu-
lation tools described in this paper and to investigate what
these much higher resolutions can reveal. The full details of
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…But what about magnetic fields?
Gammie et al. (2016) 

arXiv:1607.02132
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A First-Take At A Magnetized Giant Impact?

Configuration:
 - Gamma Law EOS 
 - Adiabatic, Ideal MHD 
 - FFT Gravity Solver (Periodic BC’s) 
 - Cartesian, Uniform Grid 

  python configure.py    
  —-prob=giant_impact -b 
  —-grav=fft -fft        
  (—-nghost=4 -mpi -hdf5)
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Setup: Planets

Visualization with 
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c.f., Ruiz & Shapiro (2017) 
arXiv:1709.00414



 9

Athena++ 
10243 Giant Impact Simulation (Linear Resolution ~ 200 km) 
643 meshblocks 
Magnetized, 1 kG at poles 
Cartesian, HLLD, FFT Self-Gravity, PPM, Periodic BCs

Visualization with 



 10 Visualization with 
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Balbus & Hawley 1992
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 12 Visualization with 
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Conclusions:
- First numerical simulations of magnetized, Moon-forming giant impacts  

(Mullen & Gammie 2019, in prep). 
- Onset of the MRI in a Moon-forming giant impact debris disk with growth 

times in agreement with linear theory (Balbus & Hawley 1992). 
- Magnetic turbulence promotes mixing (Gammie et al. 2016, arXiv: 

1607.02132). 
- Accretion leads to processing through the boundary layer producing high    

entropy material; the boundary layer sources sound waves (c.f., Belyaev et 
al. 2016: arXiv:1709.01197) that propagate throughout the disk. 

Caveats:
- Quantitative studies of mixing from magnetic turbulence requires composition 

variables (in development). 
- Need to separately track iron cores and silicate mantles (in development, 

see Dr. Roseanne Cheng’s talk this afternoon!). 
- Need better treatment of EOS (in development). 
- Need open-BCs for gravitational potential (in development). 
- Not all of the protolunar disk will be well-coupled to the magnetic field; need  

fast and efficient algorithms for resistive MHD (in development).



 14

Future Directions:

Multi-Material 
Evolution:

…towards multi-material resistive MHD with realistic EOS 
    for astrophysical/planetary science applications

Realistic (Tabular) EOS: Resistive MHD
with Super-Time-Stepping:

  python configure.py      
  —-prob=mm_triple_pt (-b) 
  —mm —-nmat=3             

  python configure.py      
  —-prob=shock_tube        
  —-eos=general/eos_table  
           
  

 python configure.py        
 —-prob=resistive_diffusion 
 —sts                       



Thank You! Questions?
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P. D. Mullen
UIUC
Email:   pmullen2@illinois.edu
GitHub: pdmullen
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