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 Introduction:  Using a kinetic impactor to deflect 

an asteroid on a collision course with Earth is a viable 

strategy, given enough warning time and a small 

enough asteroid [e.g., 1]. In addition to the momentum 

directly transferred from the impactor itself, the 

momentum of the asteroid is enhanced by material that 

is ejected from the asteroid after impact (Fig. 1). 

However, the magnitude of the momentum 

enhancement strongly depends on the material 

properties of the asteroid target, such as yield strength 

and porosity, and these properties are not well 

constrained [2].  

The Double Asteroid Redirection Test (DART) is 

NASA’s first attempt at changing the trajectory of an 

asteroid using a kinetic impactor [3]. The target 

asteroid is Dimorphos, the secondary asteroid of the 

binary system 65803 Didymos. When the DART 

spacecraft impacts Dimorphos, one of the earliest 

observable consequences will be the change in the 

orbital period of Dimorphos around Didymos, which is 

directly related to a change in the velocity of 

Dimorphos. Using this velocity change to constrain 

possible material properties for Dimorphos is an 

inverse problem requiring impact simulations covering 

a large parameter space. 

The work discussed here comprises efforts done to 

facilitate a test conducted in preparation for the DART 

impact, where we ran simulations with a wide variety 

of material parameter inputs in order to reproduce an 

expected velocity change (∆V) from a “truth” 

simulation run by the Applied Physics Laboratory at 

Johns Hopkins University. Information provided in the 

truth package included ∆V (-1.972 ± 0.07 cm/s), the 

shape and volume of the asteroid, the mass and 

velocity of the impacting spacecraft, and the impact 

location. While the precise values used for many of 

these parameters in this inverse test are not 

representative of those expected for the actual DART 

impact, they nevertheless closely resemble the kinds of 

data we expect to have shortly after the impact, making 

this inverse test a useful case study. 

Methods: We performed three-dimensional 

simulations using SPHERAL++ [4], an open-source 

Adaptive Smoothed Particle Hydrodynamics code. Our 

simulations included a strength model for the asteroid, 

a damage model for both the impactor and the asteroid, 

and a realistic equation of state (EOS) from the LEOS 

database benchmarked for SiO2 [5]. We analyzed the 

effects of seven different input variables: cohesive 

strength before and after damage, shear modulus 

before and after damage, maximum allowed tensile 

pressure before and after damage, and bulk porosity. 

We made a few simplifying assumptions for the 

initial conditions of our simulations. We modeled the 

impactor as a sphere rather than the more complex 

spacecraft shape. The asteroid was modeled as a single 

isomorphic, homogeneous body of SiO2 with 

microporosity. Solid density was held constant across 

all simulations at 2.65 g/cm3 (i.e., the density of SiO2). 

The large dimensional space associated with our 

seven input variables placed constraints on our 

available computational time, requiring a highly 

efficient parameter space-filling methodology. We 

used two techniques to mitigate computational cost. 

First, after running 40 simulations with randomized 

input parameters, we used a machine learning decision 

tree algorithm to determine what combinations of input 

parameters might produce the correct ∆V. As more 

simulations were run, these combinations were 

significantly refined. Second, since we were given a 

relatively narrow target range for ∆V (±0.07 cm/s), 

simulations that clearly overshot or undershot that 

velocity range were terminated early. We fit an 

exponential decay model to the velocity-time data to 

extrapolate a stable velocity for the decision tree. 

Fig 1: An example 3-D impact simulation modeled 

using Spheral at a simulation time of ~0.9 s. Nodes 

are colored by momentum magnitude. 
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Results: We ran >200 simulations covering large 

ranges in all seven of our input variables. Fig. 2 

summarizes the results, focusing on three different 

inputs: cohesive strength prior to damage (Yi0), shear 

modulus prior to damage (µ0), and porosity (φ). Each 

panel shows a 2-D slice of the 7-D input space, with 

individual points colored by the extrapolated ∆V. 

The variable with the largest individual effect on 

∆V is φ, with ∆V increasing with increasing porosity. 

This is predominantly due to the inverse relationship 

between φ and the total mass of the asteroid, given the 

fixed volume required by the truth package and the 

constant solid density we utilized for the simulations. 

The constant momentum imparted directly from the 

impacting spacecraft (i.e., neglecting the momentum 

enhancement of impact ejecta) results in larger velocity 

changes for less massive asteroids. 

Yi0 and µ0 both have a negative correlation with 

∆V. For the ranges tested here, this means that 

simulations with strengths and shear moduli that more 

closely approximate fully intact rock are more likely to 

result in small velocity changes. Simulations with 

inputs that more closely resemble fractured rock or 

sand are more likely to have large velocity changes.  

Since asteroid mass is not constant between the 

simulations, there isn’t a direct relationship between 

∆V and the momentum enhancement factor, β. Both 

Yi0 and µ0 have a negative correlation with β, similar 

to the correlations with ∆V. However, while φ has a 

positive correlation with ∆V as higher φ results in a 

less massive asteroid, it has a negative correlation with 

β due to the energy lost through the compaction of 

asteroid material during the impact. 

Discussion: The results of this inverse test clearly 

indicate that many material parameter combinations 

can reproduce a single observation, in this case ∆V. In 

fact, for any given value of one input parameter, there 

is likely a combination of the other six inputs that 

reproduces the target velocity. To narrow the 

uncertainty in the asteroid material parameters and 

reduce degeneracy, another observation is required. 

For instance, crater size and shape also vary with 

material parameters, with larger craters associated with 

weaker materials. However, the crater formed by the 

DART mission will not be fully characterized until 

observations from the Hera mission by the European 

Space Agency [6], and the results of this inverse test 

are representative of the relationships that can be 

constrained soon after the DART impact. 

The impact scenario presented here is a simplified 

model compared to an actual impact on an asteroid. 

Future things to incorporate in the inverse model 

include a) using the DART spacecraft as the impactor 

rather than a sphere [7], b) using a rubble pile structure 

for the asteroid rather than a homogeneous matrix [8], 

c) running at higher resolution, and d) further 

considerations of material and EOS choice. 
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Fig 2: Velocity changes predicted by simulations, shown for three pairs of input variables. Simulations that 

successfully stabilized in the target ∆V range (-1.972 ± 0.07 cm/s) are plotted as circles, and simulations that 

overshot or undershot the target ∆V are plotted as crosses. 
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