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Heterogenous mass 
distribution of the rubble-pile 

asteroid (101955) Bennu
RSWG + FDS + ALTWG + 

RDWG + TAWG + …



Bennu’s Gravity Field

• The Bennu gravity field has been estimated using two diverse and distinct 
approaches 
• Spacecraft Tracking: uses DSN-Doppler tracking + Optical Navigation 

images + Altimetry to estimate the precise S/C trajectory and forces acting on 
the S/C — these forces include gravitational parameters including the mass 
and gravity coefficient. 

• Particle Tracking: uses optical imaging of the particles and knowledge of the 
S/C trajectory to estimate precise trajectories for the particles as well as the 
forces and associated parameters— again including the gravity coefficients. 
This field was reported in Chesley et al., JGR-Planets (submitted).  

• We have been able to find a consistent solution for these fields, however the 
Particle gravity field has been determined to much higher accuracy and is what 
is used for our analysis. 
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What is a gravity field? 

• The gravitational potential energy found by integrating over the asteroid mass 
distribution:  

!  

• A convenient expression is to expand in spherical harmonics 

!  

• Coefficients !  and !  are the “gravity coefficients” that we estimate  

• To compare as a function of degree (! ) across orders (! ) we compute the 

RMS at degree !  as: !

U(r) = − 𝒢∫ℬ

dm(ρ)
ρ − r

U(r) = −
𝒢M

r

∞

∑
l=0

( R0

r )
l l

∑
m=0

Plm(sin δ)[Clm cos(mλ) + Slm sin(mλ)]
Clm Slm

l m = 0,1,…, l

l
1

2l + 1

l

∑
m=0

C2
lm + S2

lm

!3



Challenges with Modeling the Gravity

• A spherical harmonic gravity field will diverge due to mathematical and 
modeling issues when evaluated at the surface 

• We use an approach described in McMahon et al. 2018 to compute the surface 
gravity field with a reduced error !4



Side-by-side Comparison of S/C and Particle Fields

• Particle Field has clear 
signal up to degree and 
order 9 

• Spacecraft Field only up to 
degree and order 4 

• Due to this disparity, the 
particle gravity field from 
Chesley et al., JGR-Planets 
is used for all analysis. 
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Comparisons to Constant Density

• Of most interest is the 
difference between a 
constant density (CD) and 
measured gravity field.  

• The Spacecraft field is not 
statistically significant 
beyond degree 2 

• The Particle field is not 
statistically significant 
beyond degree 4
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Bouguer Maps
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• From Chesley et al., the Bouguer Map plots the difference between CD and 
Particle field evaluated up to degree 4 on the surface of a 290 m sphere.  
• Not as meaningful for a complex shape such as Bennu… 

From Chesley et al.



Surface Bouguer Maps
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• The same plot mapped to the surface of Bennu in Lat-Lon (model error < 1%): 



Surface Bouguer Maps
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• The same plot mapped to the surface of Bennu is: 



Surface “Slope Bouguer” Maps
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• Variations in surface slope (error < 0.3°) due to density inhomogeneities are 
seen to be anti-correlated with surface acceleration deviations.



Surface “Slope Bouguer” Maps
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• Variations in surface slope (error < 0.3°) due to density inhomogeneities are 
seen to be anti-correlated with surface acceleration deviations.



Surface Geophysical Environment
• We can now revisit the Nature Astronomy results, which were computed with a 

constant density shape model 
• Mapping of the measured gravity field to the surface achieved by using a 

combination of the constant density and measured gravity field 
• Accuracy of surface accelerations relative to SH divergence issues estimated 

to be < 1%  
• Many of the quantities of interest do not have substantial change, but the 

relative equilibria, rotational Roche lobe, and surface slope all have important 
updates or confirmations  

• New results strengthen the earlier observations of a slope change at the 
rotational Roche lobe “fence” 

• All 8 relative equilibria about Bennu are shown to be unstable, making the 
dynamical environment for any lofted material chaotic
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Geophysical Motivations for Density Distributions

• The “oblate” shape and predicted history of small rubble pile asteroids provides a few 
hypotheses to be tested to describe its geophysical properties (Scheeres et al. 2016): 
• Past period of rapid spin rate due to YORP (or at formation) can make the center “fail” 

and a global bulge be created by mass displacement: 
• Under-dense center of the asteroid 
• Possible lower-density bulge, but higher-density sub-surface 

• Past secondary companion that is driven back to the surface, disaggregating itself 
and creating the equatorial bulge 
• Density of bulge inconclusive — dependent on specific scenarios 
• Clear signature of a morphology change due to in-fall 
• No implications for central core  

• Surface migration of material to equator — as is apparently occurring now 
• Under-dense bulge, due to dilation of flowing material into this microgravity region 
• No implications for central core !15



Basic Hypotheses to be Tested

• All geophysical scenarios make predictions about the density distribution 
regarding the center of the asteroid and the asteroid’s bulge 

• Simple models of both of these distributions can be modeled analytically, 
allowing for an initial simple test 

• An analytical calculation can be made for the relative mass of a central core 
and a torus encircling the equator: 
• !   Core is under-dense  

• !      Bulge is under-dense 
• Computations made using only the zonals up to degree 4 
• Also predict the bulge is at a positive latitude (4.7°) and the core is displaced 

~ -6 m below the equator. 

ΔMC /M = (−5.23 ± 1.69) × 10−2

ΔMR/M = (−2.35 ± 1.5) × 10−3
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Analytical Estimates of Density Inhomogeneity

• Geometry of the 
analytical density 
distribution model 

• Show a physically 
realistic range of 
“average” density 
heterogeneities.  

• Is idealistic, and 
should be 
checked with 
more numerically 
rigorous 
approaches.
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Global Gravity Inversion (GGI) Density Fits (Tricarico)

• The GGI approach can exactly match a density distribution to the non-constant 
density gravity field — but cannot uniquely choose between an ∞ of solutions
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• These calculations use 
the 4th degree and 
order gravity field 

• Yellow stars show 
solutions that fit the 
general morphology of 
the analytic solution 

• Difficult to discriminate 
these, but they show 
that the under-dense 
core / bulge model is 
feasible



Fitting a multi-component model (French)

• An alternate approach 
that evaluates the 
goodness of fit from the 
measured gravity field, 
including measurement 
uncertainties.  

• Tests the statistical 
significance of the fits. 

• Is statistically consistent 
with the under-dense 
equator and core. 
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Score Card… of sorts
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• The “oblate” shape and predicted history of small rubble pile asteroids provides a few 
hypotheses to be tested to describe its geophysical properties (Scheeres et al. 2016): 
• Past period of rapid spin rate due to YORP (or at formation) can make the center “fail” 

and a global bulge be created by mass displacement: 
• Under-dense center of the asteroid 
• Possible lower-density bulge, but higher-density sub-surface 

• Past secondary companion that is driven back to the surface, disaggregating itself 
and creating the equatorial bulge 
• Density of bulge inconclusive — dependent on specific scenarios 
• Clear signature of a morphology change due to in-fall 
• No implications for central core  

• Surface migration of material to equator — as is apparently occurring now 
• Under-dense bulge, due to dilation of flowing material into this microgravity region 
• No implications for central core



Supporting Evidence

• Past rapid spin rate:  
• Central under-dense region 
• Global “average” shape as a function of latitude consistent with central failure 
• Central bulge is too large to consist of redistributed regolith from particle impacts 
• ALTWG: Past period of rapid rotation to create longitudinal asymmetry 

• Migration of material to the equator: 
• Equatorial / Bulge under-dense region — dilation of cohesive granular material  
• Slope transition at the dynamically “trapping” rotational Roche lobe 
• RDWG (Jawin): Mapping flow of regolith from mid-latitudes into equator 
• TAWG (Rozitis): Increased thermal inertia in equatorial region — seems inconsistent 

with increased porosity, but see discussion / model in TAWG/RSWG papers 
• RDWG (Ballouz): Recent Bennu transition into NEO population !  recent enhanced 

YORP activity that is redistributing surface regolith, and potentially increasing regolith 
through particle ejection activity

≡
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