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Introduction:  The origin of Earth’s Moon remains 

uncertain. The leading hypothesis involves an impact on 

Earth toward the end of its formation [1]. Depending on 

flavors of this general scenario, the size of the impactor 

could be similar to Mars or as large as half the Earth [2, 

3, 4]. The impact creates a disk around the Earth, from 

which the Moon accretes. In previous works we ex-

plored the accretion of the Moon from disks in the con-

text of the “canonical” impact [5] and “non-canonical” 

impact [6]. In those scenarios, the mass of the protolunar 

disks that were considered were 1.75-3 Lunar masses 

(ML). Recently, [7] proposed an alternative scenario in 

which the Moon forms progressively via multiple 

smaller impacts. Each impact results in the formation of 

a “moonlet”, and the Moon results from the consecutive 

merging of several moonlets. The masses of the disks 

that are produced in this context are much smaller than 

considered in previous works, of order 0.1-1ML. 

To estimate the mass of the moonlet formed from 

such disks, Rufu et al. used a standard analytical pre-

scription [8] that gives an estimate of the mass of the 

moon formed from a given disk as a function of its spe-

cific angular momentum 𝐽𝑠𝑝𝑒𝑐 =
𝐿𝑑𝑖𝑠𝑘

𝑀𝑑𝑖𝑠𝑘√𝐺𝑀⊕𝑎𝑅
, where 

𝐿𝑑𝑖𝑠𝑘  and 𝑀𝑑𝑖𝑠𝑘 are the disk’s angular momentum and 

mass, G is the gravitational constant, and 𝑎𝑅 ∼ 2.9𝑅⊕is 

the Roche limit for Lunar material density. In [5] we re-

vised this expression using a more accurate numerical 

modeling of the protolunar disk, and found that the mass 

of the moon that would form from a given disk would 

be generally much smaller than predicted by [8], espe-

cially at large specific angular momentum (𝐽𝑠𝑝𝑒𝑐 ≥ 1). 

Because the evolution of a < 1ML disk has not been stud-

ied in detail, it is not clear if predictions from [8] or [5] 

would be accurate in this context. The initial mass and 

position of each “moonlet” are essential parameters for 

their subsequent tidal evolution and for whether moon-

lets formed by subsequent impacts will merge to grow 

the Moon. It has also implications for the number of 

moonlets, and thus the total number of impacts, that may 

be required to grow a lunar-mass object, which may af-

fect the probability of success in this scenario. 

Numerical model: We model the disk’s evolution 

using a hybrid numerical model [5,9,10]. The code rep-

resents material within the Roche limit as a uniform sur-

face density disk whose mass and outer edge position 

evolve with time due to viscosity and interactions with 

outer moons. Material beyond aR is described by an N-

body accretion simulation. The inner disk spreads vis-

cously with either a radiation-limited viscosity [11] or 

an instability-driven viscosity [12], whichever is 

smaller at a given time. Disk material spreading onto the 

planet is lost, while mass spreading beyond aR is re-

moved from the inner disk and added to the N-body 

code as new bodies. The Roche-interior disk and the or-

biting bodies interact at the strongest Lindblad reso-

nances, so that exterior moonlets gain angular momen-

tum from the disk, and in turn cause the disk’s outer 

edge to recoil inward. If a moonlet is scattered  inward 

and passes within 2𝑅⊕, we assume it is tidally disrupted 

and add its mass and angular momentum to the disk. We 

neglect the orbital evolution of bodies due to tidal dissi-

pation in the planet or the body itself as those processes 

affect the system on much longer timescales than con-

sidered here. 

Accretion simulations:  We have performed a suite 

of numerical simulations to study the accretion of a 

moonlet from disks similar to those produced by the im-

pacts considered in [7]. The initial structure of the disk 

is adapted from that of the disk shown in Figure 6 of [7] 

(R. Rufu, personal communication). We consider disks 

with a total mass 0.1 − 1𝑀𝐿, with 30-50% inside the 

Roche limit, and a surface density profile for the outer 

disk 𝜎 ∝ 𝑟−𝛼 with 𝛼 =  2 − 3. The outer disk is com-

posed of 600 bodies with a Size Frequency Distribution 

following a power-law with an exponent of -1.5 (a value 

typically used in previous works), and an outer edge 

from 5 − 9𝑅⊕. The produced disks have 0.99 ≤
𝐽𝑠𝑝𝑒𝑐 ≤ 1.2, while [7] finds disks with 0.7 ≤ 𝐽𝑠𝑝𝑒𝑐 ≤

1.14. Disks with lower 𝐽𝑠𝑝𝑒𝑐 will be considered in fol-

low-up work. 

Figure 1 shows snapshots from a simulation of a disk 

with 0.5𝑀𝐿 and 50% of the mass in the inner disk, and 

an outer edge at 7𝑅⊕. The material initially in the outer 

disk rapidly accumulates into a single large object (Fig-

ure 1b). The inner disk has been confined well inside aR 

due to resonant interaction with outer bodies. The disk 

viscously spreads out and new bodies are produced once 

its outer edge reaches aR (Figure 1c). These objects re-

coil due to interactions with the inner disk and can col-

lide with the outer moonlet, or be scattered back into the 

disk. When the latter happens, the outer body gains an-

gular momentum and its semi-major axis expands. The 

outer moonlet can also capture inner bodies in mean-

motion resonances. As the latter get pushed by the inner 

2641.pdf49th Lunar and Planetary Science Conference 2018 (LPI Contrib. No. 2083)

mailto:julien@boulder.swri.edu


disk, they transfer some angular momentum to the outer 

body, whose orbit expands. 

 

At 104 years of evolution, the Roche-interior disk 

mass has been decreased by a factor of 40 and the outer 

moonlet has a mass of 0.25𝑀𝐿 and a semi-major axis of 

∼ 6.4𝑅⊕ (Figure 1e). Overall we find accretion dynam-

ics similar to the canonical case, but the evolution time-

scale of the inner disk is longer because its mass, and 

thus its viscosity, is smaller than in the canonical case.  

Figure 2 shows the mass of the largest object at 104 

years as a function of the disk’s initial specific angular 

momentum. The black triangles are results from a set of 

60 simulations, while the red crosses are from the ca-

nonical case [5] and are shown for reference. The black 

lines are the analytical estimates from [8], considering 

either that 0 or 5% of the disk’s mass escapes the system 

(continuous and dashed line, respectively). The blue 

lines are revised analytical estimates from [5].  

We find good agreement between our numerical re-

sults and our revised analytical estimates (Figure 2, 

black triangles and blue lines). While our simulations do 

not cover the full range of possible disk 𝐽𝑠𝑝𝑒𝑐, it appears 

that disks with 𝐽𝑠𝑝𝑒𝑐 ≥ 0.99 would form a moonlet 

whose mass is about a factor of 2 smaller than predicted 

by [8]. If that trend continues at smaller 𝐽𝑠𝑝𝑒𝑐, it is pos-

sible that twice as many impacts as estimated in [7] 

could be needed to form a lunar-mass object. This may 

affect the likelihood of a multiple-moon scenario, as a 

larger number of impacts would tend to decrease the 

probability of a final planet angular momentum compa-

rable to that in the Earth-Moon system, due to the can-

celation effects of retrograde vs. prograde impacts.  
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Figure 1: Snapshots of the protolunar disk, projected on the 

R−z plane, at t = 0, 1, 20, 103, and 104 years. The size of 

circles is proportional to the physical size of the correspond-

ing particle. The horizontal thick line is the Roche-interior 

disk. The vertical dashed line is the Roche limit at 2.9R⊕. 

Figure 2: Ratio of the mass of the largest body at t = 104 

years to the initial disk mass, as a function of the disk’s ini-

tial specific angular momentum. Black triangles are results 

from the new set of simulations. Red crosses are from ca-

nonical disks [5] and are shown for reference. Small sym-

bols are cases where the mass of the second largest body is 

at least 20% that of the largest one. In those cases we added 

the mass of the two bodies, since tidal evolution could cause 

them to merge later on [13]. The black solid and dashed 

lines are analytical estimates from [8] assuming 0 or 5% of 

the disk’s mass escapes, respectively. Blue lines are our re-

vised analytical estimates from [5]. 
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