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Introduction: The largest asteroid, Ceres, has been 

orbited and studied by the Dawn spacecraft to an 

unprecedented level of detail (e.g., 1-4). Our interest is 

in better understanding Ceres’ potential spin evolution, 

based on a careful evaluation of the impact cratering 

record on its surface [5,6]. Previous geophysical 

analyses by us [7] inferred, from Ceres’ degree-2 

gravity and topography, that this dwarf planet may 

have been slightly despun by a large impact (or 

equivalently, by many more modest ones). Specifically, 

we argued for a faster paleo-spin rate of 8.48 hours 

compared with Ceres’ present-day spin rate of 9.07 

hours [8]. Therefore, to investigate plausible pathways 

for Ceres’ spin evolution due to impacts, we revisit our 

previous Monte Carlo simulations of Ceres’ spin 

evolution [9], but with an improved treatment of ejecta 

velocity and angle distributions. 

Revisiting Angular Velocity Change due to 

Random Impacts: Impacts transfer energy and 

angular momentum to asteroids and thus dynamically 

affect their spin state. The theoretical foundations of 

the corresponding calculations are well illustrated by 

many classic works [e.g., 10-12]. Though constructed 

from the same mechanics setup as these previous 

works, we have taken a more discretized (as opposed 

to summed or averaged) approach. Here we emphasize 

the differences with our preliminary modeling [9]; full 

details can be found in [13].  

The input parameters for our model are in Table 1. 

Greatly benefitting from [14] and [15], we have 

improved the probability distributions assumed for 

impactor size and speed. We note that the upper limit 

of the impactor size is set at 100 km, constrained by 

Ceres’ cratering record [16] and potential disruption 

concerns [e.g., 17].   

 
Table 1.  Parameters used in the simulation. 

Ceres’ mass (MC)1 9.384 × 1020 kg 

Ceres’ average radius (R)1 470 km 

“Initial” rotation period (P)2 8.48 hr 

Number of impacts (N ≳ 10 km)3 3500 

Impactor diameter range (dimp)4 [1 km, 100 km] 

Impact speed range (V)5 [Vesc, 13 km/s] 
1 Updated values from [2], after Dawn’s arrival at Ceres 
2 Inferred faster paleo-rotation in [7] 
3 Extrapolated from cumulative crater number counts on 

heavily cratered terrains in [16] 
4 Following present-day Main Belt Asteroid distribution in 

[14] 
5 Conforming to impact velocity probability distribution in 

[15]. Vesc is the classical escape speed of a non-rotating Ceres, 

~520 m/s. 

The formal way to calculate the change in angular 

velocity after a given impact is as follows. Any impact 

changes Ceres’ moment-of-inertia (I) and angular 

velocity (�⃑⃑⃑� ) by δI and δ�⃑⃑⃑�  respectively. We drop our 

previous spherical shell approximation for δI [9], and 

instead adhere to the derivation in [12] such that 𝛿𝑰 =
𝑚 (𝑟 ∙ sin𝜃)2, where m is the impactor mass, 𝜃 is the 

colatitude of the impact location, and 𝑟 ∙ sin𝜃  is the 

moment arm with respect to Ceres’ spin axis. Thus, we 

can express Ceres’ post-impact angular momentum as 

�⃑⃑� post = (𝑰 + 𝛿𝑰) ∙ (�⃑⃑⃑� + 𝛿�⃑⃑⃑� ). Assuming strict angular 

momentum conservation as the simplest case, the 

difference between post- and pre-impact angular 

momentum (�⃑⃑� pre = 𝑰 ∙ �⃑⃑⃑� ) is the impactor’s incoming 

angular momentum 𝑚 �⃑� × �⃑⃑�  at the moment of 

collision. Therefore, the change in angular velocity is 

strictly calculated by 

 𝛿�⃑⃑⃑� = (𝑰 +  𝛿𝑰)−𝟏 ⋅ (𝑚 �⃑�  ×  �⃑⃑� −  𝛿𝑰 ⋅ �⃑⃑⃑� ). (1) 

Eq. (1) applies to impactors of all sizes. Although the 

approximation (𝑰 +  𝛿𝑰)−𝟏 ≈ 𝑰−𝟏 [12] is admissible for 

smaller impactors, this approximation does not hold 

for larger impactors whose angular momenta are non-

negligible compared with that of Ceres, and whose 

dynamical contributions to Ceres’ spin evolution are 

expected to be the most significant [9]. We 

successively update Ceres’ moment-of-inertia, angular 

velocity, total mass, and average radius (a sphere is 

assumed) during 3500 collisions, and separately keep 

track of the orientation of Ceres’ spin axis in the 

starting coordinate system by a series of Rodrigues’ 

rotation operations [18].    

Mass Addition Competing with Ejecta Loss: Our 

modeling evolves with complexity and accuracy in 

calculating lost ejecta mass, from (1) a basic case with 

no ejecta loss to (2) a classic treatment of preferential 

ejecta loss in the prograde spin direction following 

[12], and finally to (3) integrating ejecta loss as a 

function of azimuth, based on the azimuthally 

asymmetric ejecta distribution proposed in [19]. To 

fully investigate how ejecta loss influences Ceres’ 

potential spin evolution, we adopt an improved mass-

velocity scaling law [20], bounding Ceres’ surface 

impact response by non-porous and porous materials 

(details below). For better statistics, we ran 3000 

simulations in every model type (cf. 100 runs in [9]).  

The final spin period distribution for each model is 

well represented by a Lorentzian. As an illustration, in 

the basic model (which we term the “sticky” model), 
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the final spin period distribution is 8.5 ± 0.2 hr, but 

82% of the final periods lie within ±1σ.  Formally, the 

Lorentzian does not have well-defined moments 

because of the outsized influence of extreme events (in 

this case represented by particularly large or fast 

impacts); thus while the mean and standard deviation 

are not stable, the median final spin state is (≈8.48 hr), 

and the distribution is characteristic. In this case, 3.4% 

of the runs achieved a final spin period of 9.07 hrs or 

longer (equivalently, ~8.5% runs either increased or 

decreased Ceres’ spin period by a half-hour or more).  

Dobrovolskis and Burns [12] found that lost ejecta 

drains angular momentum from asteroids. From [20], 

the ejecta mass ratioed to the impactor mass is  
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where m(>Vej) is the ejecta mass whose velocity 

exceeds Vej, C1, k, μ are material-specific constants, ν = 

0.4 [20], ρ and δ are Ceres and impactor densities (here 

taken as unity), and V’cos(α’) is the vertical 

component of impact velocity in Ceres’ rotating frame 

(α’ is impact angle from the vertical). We then refer to 

Eq. (17) in [12] and numerically integrate the change 

in angular velocity (𝛿�⃑⃑� ) in small azimuthal steps. We 

then update Eq. (1) with −𝛿�⃑⃑� ∙ 𝐼 ∙ (𝐼 + 𝛿𝐼)−1. 

Remote sensing data imply complexity and 

heterogeneity in Ceres’ surface composition [e.g., 21-

24]. From an impact mechanics view, however, two 

endmembers bound the possibilities: non-porous, or 

consolidated, and porous, or regolith-like. Thus for 

Ceres we adopted corresponding C1, k, and μ values 

from [20]. Despite these differences, the final spin 

distributions do not differ: in both cases the median 

values are 8.49 hr, with the interquartile ranges being 

8.42 – 8.58 hr (Fig. 1a) and 8.41 – 8.57 hr (Fig. 1b). 

Thus in summary, even though the chances are 

not high, theoretically Ceres could have despun 

from its “initial” spin by more than half an hour to 

its current spin, solely due to impacts.   

We also compared the total mass loss from escaped 

ejecta and total impactor mass added in each 

simulation (Fig. 2). Different surface porosities imply 

erosional or accretional evolution for Ceres. The 

outliers in Fig. 2 all have one or more large impacts in 

the evolution that are unusual (e.g., a near grazing 

impact or a near vertical impact). But in general, Ceres’ 

crustal evolution is tied to the evolution of its crustal 

porosity. 

Future work will examine the potential spin 

evolution of smaller asteroids, and KBOs, due to 

impacts. The effects described here will be much more 

important for bodies smaller and less massive than 

Ceres. 
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Figure 2. Histogram of mass ratio of total ejecta loss to 

total impactor mass, for 3000 runs in each case. The 

solid lines indicate “equilibrium” where there is no net 

mass loss or gain after an ensemble of 3500 impacts in 

Ceres’ history. Simulation runs with ending mass ratios 

greater than 1 denote erosion, and accretion if the mass 

ratio is less than 1. Note the different scales in a) and b). 

From [13]. 

 
Figure 1. Histograms of Ceres’ final spin period for two 

endmember cases, following classic work by [12] but 

with updated ejecta velocity distributions. Both 

histograms use 0.05 hr bins with overlying Lorentzian 

curve fits. Black solid lines indicate Ceres’ present-day 

spin of 9.07 hr. From [13]. 
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