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Summary: We derive a simple theory describing 
tidal dissipation in the regolith layer of rubble-pile 
binary asteroids [1]. The theory agrees with inferred 
tidal dissipation rates if the regolith thickness is inde-
pendent of body size. Applications to asteroid Bennu 
and KBO Ultima Thule are discussed. 

Introduction: The tidal response of a body pro-
vides information on its internal structure and mechan-
ical properties [2]. The rate of tidal dissipation depends 
on k2/Q or alternatively 1/µQ, where k2 is the tidal 
Love number (giving the response amplitude), Q is the 
dissipation factor (giving the response phase) and µ is 
the effective rigidity [3,4]. 

Observations: Jacobson and Scheeres [5] used bi-
nary asteroids to determine k2/Q, by assuming that the 
observed semi-major axis was a result of equilibrium 
between tidal dissipation and the binary YORP effect. 
An alternative [6] is to neglect the second effect and 
instead assume a system age; this yields a higher (less 
dissipative) Q/k2 value. A recent astrometric study of 
1996FG3 [7] showed no semi-major axis evolution and 
thus supports the equilibrium assumption.  

Theory: An important theoretical treatment by [8] 
showed that yielding in rubble-pile asteroids results in 
an effective rigidity much less than that of a monolithic 
body, and predicts that k2 scales with primary radius R.  

Figure 1: Sketch of the geometry of the problem. Tidal 
deformation is represented by the departure of the solid 
surface from the mean shape (dashed lines) and results in 
shear strains (indicated by half-arrows). 

 
We focus on tidal dissipation in a regolith layer of 

thickness t (Figure 1). The motion of the tidal bulge 
relative to the surface results in shearing motion of 
individual regolith blocks. On a single block face the 
frictional dissipation rate depends on the shear stress, 
surface area and the sliding velocity, and is given by 

 
 (1) 
 
where ρ is the density, g the surface acceleration, r 

the block size, u the relative displacement between 
neighbouring faces, Ωp the spin rate and f the friction 
coefficient.  The displacement depends on the tidal 
strain ε  and the block dimensions and may be written 

 
(2) 
 

 
 

where H is the amplitude of the tidal bulge, h2 is the 
tidal displacement Love number, q is the mass ratio 
between secondary and primary, n is the mean motion 
of the secondary and G is the gravitational constant. 

Combining equations (1) and (2) we derive the to-
tal dissipation rate in the regolith layer of 

 
  𝐸!~𝑁𝑓ℎ!𝑀𝑞𝑛!Ω!𝑡!            (3) 
 
Here N (~3 for a roughly cubic element) is the 

number of faces per element, m is the mass of the sec-
ondary and we have dropped the (1+q) term which is 
generally close to unity. The t2 term arises because 
increasing t increases the overburden pressure and the 
total dissipative volume. As expected, dissipation in-
creases with friction coefficient, forcing frequency and 
displacement (h2); it is also independent of the element 
size r, as long as r<<t. 

Equation (3) may be compared with the conven-
tional expression for tidal dissipation in a non-
synchronous body [9] to derive an effective Q, given 
by 

 
where here we have assumed that h2≈k2.  
This result may then be combined with the predic-

tion of [8] to derive equation (4): 

 
The same result can also be used to predict the 

quantity µQ, here given in SI units: 
 
(5)  
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Comparison with observations: We use the ap-
proach of [5] but with an expanded catalogue of aster-
oid binaries, from [10] and using a BYORP parameter 
B=10-2 [7]. The inferred Q/k2 as function of body radi-
us  is shown in Fig 2. As noted by [5], the inferred Q/k2 
scales roughly with R (or R1.5), which is opposite to the 
prediction of [8] if Q is constant. In contrast, the ob-
servations are consistent with equation (4) if t is con-
stant, or decreases slightly with radius. Furthermore, 
the dependence on qn2, shown by colours in Figure 2, 
is also approximately consistent with equation (4) 

 
Figure 2: Dots are data plotted from [1] taking B = 10−2 
(see text); colour indicates the quantity qn2. Star is 
(175706) 1996 FG3 [7]. Dashed line shows least-
squares fit to the data, with a gradient of 1.51. Col-
oured lines use equation 4 with three different values 
of qn2 (10−8.5 , 10−9.5 , 10−10.5 s−2 ) and t=30 m. 
 

A further observation of relevance is a study of 
tumbling asteroids by [11]. These authors argue that 
the damping timescale for such tumbling is approxi-
mately independent of radius. For this to be the case, 
µQ would need to scale as R2. Our simple analysis 
(equation 5) predicts an R3 dependence; thus, there is 
qualitative but not quantitative agreement. 

Regolith Thickness: Figure 2 suggests that the 
regolith thickness t~30m, independent of body radius. 
Only rather scanty estimates of regolith thickness are 
available: a few metres or more on Itokawa (R=0.17 
km) [12]; 30-200 m on Gaspra (R=6.1 km) [13]; up to 
a few tens of metres on Eros (R=8.4 km) [14]; 100-200 
m on Phobos (R=11.3 km) [15]; ~50m on Ida (R=15.7 
km) [16]. Based on these results it certainly seems as if 
regolith thickness varies only rather weakly with radius, 
and a ~30m thickness would be hard to rule out. A 
theoretical study by [17] argued that the expected rego-
lith thickness is tens of metres, and should decrease 
slightly with R. This prediction is in good agreement 
with our results.  

Application to asteroid Bennu: For an isolated 
rubble-pile asteroid undergoing a wobble of amplitude 
α the dissipation rate within a regolith layer is 

𝐸!~𝑁𝑓ℎ!𝑀𝛼Ω!Ω!
!𝑡!  (6) 

which is analogous to equation (3) with the strain 
rate determined by the rotational bulge, the wobble 
angular frequency Ωw and amplitude α. The quantity  
Ωw is smaller than Ωp by a factor of h2Ωp

2/Gρ [18]. 
Using the total wobble energy from [18], the damping 
timescale may be written  

 𝜏~ !
!

! !
!"!!

!
!!

  (7) 

The damping timescale decreases with increasing 
friction or bulge amplitude (h2) as expected. If Bennu 
is a rubble-pile asteroid, R~300m implies h2~3x10-6 
[8]. For a regolith thickness of 30m the damping time-
scale is then ~106 rotation periods, or ~103 years. This 
is shorter than conventional estimates [18], primarily 
because h2 is larger than the equivalent calculation for 
a monolithic body.  

Application to Ultima Thule: Relatively little at-
tention has been paid to tidal dissipation in KBO bina-
ry pairs [19]. If Ultima Thule (𝑅 ≈ 10 km) is a contact 
binary, one possible contributing mechanism is tidal 
dissipation: if the secondary starts inside the synchro-
nous point (as with Phobos), or is retrograde (as with 
Triton), it will evolve inwards, and the primary will 
spin up. Additional mechanisms draining angular mo-
mentum, such as dynamical friction or impacts, may 
also have occurred.  

Although there is no particular reason to expect 
regolith thickness to be the same on KBOs as on aster-
oids, application of equation (4) with t=30 m would 
yield Q/k2~108 just prior to contact, and a lower value 
(more dissipative) at greater separations. Conventional 
calculations for a monolithic ice body with Q=100 
would yield Q/k2~3x108, resulting in tidal evolution at 
least a few times slower than in the dissipative regolith 
case.  
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