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Abstract

We develop a simple scaling argument for frictional dissipation in rubble-
pile asteroids, parameterized as an effective dissipation factor Q. This scaling
is combined with a prediction (Goldreich and Sari, 2009) for the tidal response
amplitude, parameterized by the Love number k2. We compare the combined
scaling with k2/Q values inferred from asteroid binaries in which the semi-
major axis is determined by a balance between tidal dissipation and the
binary YORP (or BYORP) effect (Jacobson and Scheeres, 2011). The k2/Q
scaling matches the inferred values if dissipation is confined to a regolith
layer of thickness ∼30 m, similar to the available asteroid regolith thickness
estimates. The scaling suggests a regolith thickness that is independent of
(or decreases slightly with) increasing asteroid radius; this result is consistent
with at least one model of regolith generation via impacts.

Keywords:

1. Introduction1

The amplitude and phase of an object’s response to tides provide informa-2

tion on its internal structure (Moore and Schubert, 2000, e.g.). This response3

is typically described by the Love numbers k2 and h2 (Munk and MacDonald,4

1960). These dimensionless numbers quantify the amplitude of the response5

to the perturbing tidal potential, where h2 describes the shape response and6

k2 the gravity response. A uniform, strengthless body has h2=2.5 and k2=1.5.7

A body with non-zero rigidity and/or mass concentrated towards its centre8

will have smaller Love numbers.9

Preprint submitted to Icarus November 19, 2018



It is often convenient to describe the Love numbers as complex quantities,10

where the real and imaginary parts describe the in-phase (elastic) and out-11

of-phase responses (Ross and Schubert, 1989, e.g.). Dissipation only arises12

if there is a phase lag - a purely elastic response dissipates no energy. Thus,13

the rate of tidal dissipation depends on Im(k2). This quantity is sometimes14

written k2/Q, where Q is the quality factor and is related to the phase lag15

of the tidal response (Efroimsky and Makarov, 2013, e.g.). Measurements16

of the tidal response (real part of k2) of the Earth, Moon, Venus, Mars and17

Titan have been used to make deductions about their interiors (Lau et al.,18

2017; Williams et al., 2014; Konopliv and Yoder, 1996; Yoder et al., 2003;19

Iess et al., 2012). Such measurements typically require a nearby spacecraft20

to measure small periodic variations in the body’s gravity field.21

Tidal dissipation in a body also affects its spin and orbit evolution (Gol-22

dreich and Soter, 1966). As a result, under special circumstances the orbital23

characteristics of a body can be used to infer its tidal response, without24

requiring a spacecraft. Thus, for instance, measurements of Io’s orbital evo-25

lution (Lainey et al., 2009) and the orbital characteristics of the exoplanet26

HAT-P-13b (Batygin et al., 2009) have been used to infer their respective27

k2/Q values. Mercury’s evolution into a 3:2 spin:orbit resonance (Peale, 1988)28

and the doubly synchronous Pluto-Charon system (Dobrovolskis et al., 1997)29

can likewise be used to place bounds on their respective k2/Q.30

Asteroid tidal dissipation is conventionally parameterized either using31

k2/Q or 1/µQ, where µ is the rigidity. The use of rigidity µ arises because32

for a uniform elastic body k2 = (3/2)/(1 + 19µ
ρgR

), where ρ, g and R are the33

body’s density, surface gravity and radius, respectively (Munk and MacDon-34

ald, 1960). For a small body, µ � ρgR and so k2 scales as 1/µ. The rela-35

tionship between k2 and rigidity changes if non-elastic effects are included,36

and is discussed in more detail below (see equation 7). Our approach yields37

a Q that is frequency-dependent, and thus somewhat resembles the approach38

of Efroimsky (2015); however, in our model dissipation occurs by granular39

friction, rather than viscosity. Granular friction has also been suggested as40

responsible for tidal heating in the silicate core of Enceladus (Choblet et al.,41

2017).42

There are at least three ways of using observations to determine k2/Q or43

µQ. The first is to use the present-day semi-major axis of a binary pair (Tay-44

lor and Margot, 2011, e.g.). Given an assumed age of the binary (which is45

usually uncertain), the present-day semi-major axis then yields the approxi-46
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mate µQ of the primary (the uncertainty introduced by the unknown initial47

semi-major axis is small as long as the secondary is small). This approach48

assumes that tidal dissipation is the only process causing the semi-major49

axis to expand; if other processes are simultaneously acting to reduce the50

semi-major axis, this approach only yields an upper bound on µQ.51

The second approach instead assumes that the present-day semi-major52

axis is an equilibrium state, between dissipation in the primary (which ex-53

pands the semi-major axis) and the so-called binary YORP (or BYORP) ef-54

fect, which in the case of a synchronous secondary can cause the semi-major55

axis to decrease (Jacobson and Scheeres, 2011). Given the equilibrium semi-56

major axis and an assumed BYORP strength, the balancing µQ can then be57

calculated (and will necessarily be smaller - i.e. more dissipative - than using58

the first approach). Although the YORP effect has been measured directly59

(Lowry et al., 2007; Taylor et al., 2007), so far the BYORP effect has not.60

Nonetheless, the semi-major axis drift rate of asteroid (175706) 1996 FG361

is much less than that expected from tidal effects alone, and is consistent62

with zero, suggesting that at least in this case an equilibrium situation ex-63

ists (Scheirich et al., 2015). Last, the existence of tumbling asteroids can be64

used to derive an approximate value for k2/Q given an assumed timescale65

for the excitation of tumbling. Although the excitation timescale is not66

well-constrained, this approach suggests that µQ decreases with decreasing67

asteroid size (Pravec et al., 2014).68

The main aim of the current paper is to combine the observational con-69

straints on µQ discussed above with a simple model of asteroid dissipation70

to make inferences about these objects’ internal structures. The rest of this71

paper is organized as follows. In Section 2 we develop a theoretical model for72

frictional dissipation in small asteroids. In Section 3 we will compare the the-73

ory with observational constraints based on the three approaches described74

above. Based on the example of (175706) 1996 FG3, we place most reliance75

on (and spend most time discussing) the second approach, in which BYORP76

balances tidal dissipation. Finally, in Section 4 we discuss our conclusions,77

and point out ways in which future spacecraft or Earth-based observations78

may test our model.79

2. Theory80

We wish to consider tidal dissipation in a binary rubble-pile asteroid. The81

external perturbing potential will cause deformation throughout the body,82
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depending on its mechanical properties. We will assume, however, that this83

deformation results in dissipation only in a surface layer of thickness t, which84

may be less than or equal to the radius of the body R, and which consists85

of elements of a characteristic size r (Figure 1). The thickness t may be86

related to the tidal stresses or may be determined by other factors, and87

will be discussed further below. Dissipation is assumed to take place via88

sliding friction arising during relative displacement u between neighbouring89

elements.90

We deliberately keep our analysis simple. In particular, because of the91

large uncertainties associated with the observations, we generally neglect92

quantities of order unity in the scaling arguments presented below.93

94

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).

95

On a single element face, the characteristic dissipation rate Ėf is given
by the product of shear stress, the sliding velocity and the surface area and
may be written as

Ėf ∼ (ρgt)fr2uΩp (1)

where u is the displacement of the element face, ρ is the density, g the sur-96

face gravity, f the friction coefficient during sliding and Ωp the spin angular97

frequency of the primary (assumed to be non-synchronous). The sliding ve-98

locity is ∼ uΩp, the surface area is ∼ r2 and the quantity in parentheses99
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is the characteristic overburden pressure which is multiplied by the friction100

coefficient to give the shear stress (Turcotte and Schubert, 2002, e.g.).101

Because the primary is assumed to be non-synchronous, the tidal bulge
raised on the primary by the secondary will rotate relative to the primary’s
solid surface. This deformation will cause shear strains in the near-surface
layer (Fig 1), producing relative motion and dissipating energy. The charac-
teristic size of the bulge H is given by (Murray and Dermott, 1999, e.g.)

H = h2R
m

M

(
R

a

)3

(2)

where h2 is the displacement tidal Love number, m and M are the mass of102

the secondary and primary, respectively, a is the semi-major axis, and R is103

the primary radius.104

The characteristic displacement u will depend on the element size and
the tidal shear strain ε:

u ∼ εr ∼ r

[
H

R

]
∼ rh2

[
q

1 + q

n2

Gρ

]
(3)

Here q = m/M is the mass ratio, n is the mean motion (assumed � Ωp)105

and G is the gravitational constant. The quantity in square brackets is a106

measure of the tidal acceleration relative to the self-gravity of the primary107

and will be referred to as the tidal slope (because it describes the deviation108

in the surface equipotential due to tides). This quantity can also be written109

(R′/a)3, where R′ is the radius of the secondary (Goldreich and Sari, 2009).110

The assertion that u ∼ εr arises as follows. The tidal displacement H111

varies laterally over a lengthscale ∼ R, because it is a degree-2 feature. Thus,112

the characteristic shear strain is ε = H/R. The relative radial displacement113

between two points separated by a horizontal distance r will then scale as114

εr. If the medium were uniform, this displacement would be distributed115

evenly; in a granular material, the relative displacement will happen between116

neighbouring element faces but have the same magnitude.117

For the asteroids we consider, the typical tidal slope is ∼ 10−3 (see below).118

For synchronous satellites, the equivalent diurnal tidal slope is ∼ en2/Gρ,119

where e is the eccentricity, giving a tidal slope ∼ 10−5 for a tidally-heated120

moon like Europa. Note, however, that this does not necessarily imply that121

asteroids are more affected by tides than satellites: the deformation of the122

body in response to the tidal acceleration depends on h2 (equation 2), which123
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is larger by a factor of 103 − 105 for satellites than for asteroids. Thus, for124

Europa the diurnal tidal strain ε is ∼ 10−5 while for a typical asteroid it is125

∼ 10−8.126

In this approach we are implicitly assuming that the mechanical proper-127

ties of the body which control its tidal amplitude do not change significantly128

with depth. This assumption is consistent with the equation we adopt for129

k2 (equation 7 below). However, this assumption does not require that the130

dissipative properties of the body stay constant with depth. In particular,131

we would expect varying element size to have a much larger effect on tidal132

dissipation than tidal amplitude. The size of an element will control the rela-133

tive magnitudes of internal (e.g. viscous) dissipation and external (frictional)134

dissipation. A large element will undergo differential tidal strain and thus135

experience more internal dissipation, while a collection of small elements will136

experience little internal dissipation and more frictional dissipation. Since137

internal dissipation at the relevant temperatures and pressures is essentially138

zero, large elements will be much less dissipative than small elements. This139

is consistent with everyday experience - a bag of marbles is much more dis-140

sipative than a single giant marble.141

The assumption that u scales with the element size (equation 2) is a142

key part of our argument. This assumption will break down if the elements143

have sizes of the same order as the thickness t of the dissipative layer. This144

assumption can be checked a posteriori because some indication of maximum145

element size can be deduced from observations of boulders at the surface (see146

Section 4.2).147

Combining equations 1 and 3, the dissipation rate per volume element is
independent of r, and the total frictional dissipation rate in the dissipative
layer is

Ėf ∼ Nfh2Ωpmn2t2 (4)

where here N (≈ 3 for a roughly cubic element) is the number of faces per148

element, divided by two (to avoid double counting) and we have dropped149

the (1 + q) term which is generally ≈1. In this expression the t2 term arises150

from contributions to the overburden pressure and the volume of dissipative151

material. Equation 4 shows that the dissipation rate increases with increasing152

friction coefficient, forcing frequency and displacement (h2), as expected.153

Conventional tidal dissipation in a non-synchronous primary is calculated
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by (Murray and Dermott, 1999, e.g.)

Ė ∼ k2

Q
m2R5

a6
GΩp (5)

Comparing equations 4 and 5 we can write an effective Q for the frictional
case, Qeff , as

Qeff ∼
[
qn2

Gρ

]
1

Nf

(
R

t

)2

∼ 3× 10−3

(
qn2

3× 10−10 s−2

) (
2 g/cc

ρ

) (
R

t

)2

(6)
where here we have assumed that h2 ≈ k2, as appropriate for an order154

of magnitude argument. We take the bulk density ρ to be 2 g/cc; the static155

friction factor for silicates is about 0.6, so we take the quantity Nf to be156

of order unity. The body becomes more dissipative (lower Q) with higher157

friction or a thicker dissipative layer, as expected. However, the effective Q158

increases (less dissipation) with increasing tidal slope. This is a consequence159

of the fact that conventional tidal dissipation (equation 5) is more sensitive160

to tidal slope than is frictional dissipation. Since we will make use below161

of results assuming conventional dissipation, the functional form of Qeff is162

important. We also note that, so far, we are not assuming any particular163

functional form for t.164

3. Comparison with Observations165

The two most relevant sets of observational constraints are the analyses of166

asteroid binary pairs carried out by Jacobson and Scheeres (2011) and Taylor167

and Margot (2011). An important theoretical paper is that by Goldreich168

and Sari (2009), in which the k2 tidal response of a rubble-pile asteroid169

is calculated assuming that stress concentrations and plastic yielding are170

important.171

Goldreich and Sari predict that the tidal response of a rubble-pile asteroid
is given by

k2 ∼ ρR

(
GεY

µ

)1/2

∼ 10−8R (7)

where here µ is the shear modulus of unfractured rock, εY is the yield strain172

and here and in later equations numerical constants are given assuming quan-173

tities are expressed in SI units. Larger asteroids are subject to more yielding174

because the overburden pressure is higher, and thus develop larger values of175

k2.176
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3.1. Jacobson and Scheeres (2011)177

Jacobson and Scheeres (2011) (hereafter JS11) assumed a balance be-178

tween BYORP and tides to calculate BQ/k2 for binaries with synchronous179

secondaries. Here B is a parameter describing the strength of the BYORP180

effect which depends on asteroid shape, but is assumed to be independent of181

radius. We updated their calculations using an expanded data set of binaries182

with synchronous secondaries, using Pravec et al. (2016), and tabulate the re-183

sults in Table 1. There are small differences to the JS11 calculations, mostly184

arising from updated radius values. The results are plotted in Fig 2a below,185

and demonstrate (as JS11 note) that BQ/k2 scales approximately linearly186

with radius. The formal least-squares regression (dashed line) has a slope of187

1.51, or 1.33 if DP107 is excluded; this may be compared with a value of 1.18188

for the original JS11 data. For the majority of this paper we will follow JS11189

and assume that BQ/k2 ∼ R; we discuss this issue further in Section 4.2.190

As JS11 point out, if Q and B are constant, then the dependence seen191

in Fig 2a is different by a factor of R2 to the Goldreich and Sari prediction192

(equation 7). In this context, equation 6 is of immediate interest, because193

it suggests that, if t is constant, Q should scale as R2 and so BQ/k2 should194

scale as R, as observed. Equation 6 further predicts that Q will scale as195

the tidal slope, qn2/Gρ, which can also be compared with observations (see196

below).197

Although JS11 took B ≈ 10−3, Scheirich et al. (2015) point out that this
was an error and that a more likely value is B ≈ 10−2. The observations of
JS11 can thus be written

Q

k2

∼ 3× 102R (8)

Using equation 8 and substituting in the Goldreich and Sari prediction
(equation 7) we have

Q ∼ 3× 10−6R2 (9)

Equation (9) yields the same result as the prediction of (6) if t is in-198

dependent of radius. For the asteroids examined by JS11 typical values199

are n ∼ 10−4s−1 and q ∼ 0.03; with these parameters, equation (6) then200

yields t ∼ 30 m. If instead we took BQ/k2 ∼ R3/2 we would instead obtain201

t ∼ 30 m(R/1 km)−1/4.202

For completeness, with k2 given by Goldreich and Sari (equation 7) and
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Q given by equation 6 we have

Q

k2

∼ 3× 105

(
R

1 km

) (
qn2

3× 10−10 s−2

) (
2 g/cc

ρ

) (
30 m

t

)2

(10)

203

204

Figure 2 a) Dots are data plotted from Table 1 taking B = 10−2 (see text);
colour indicates tidal slope (qn2). Star is (175706) 1996 FG3 (Scheirich et
al. 2015). Dashed line shows least-squares fit to the data, with a gradient of
1.51. Coloured lines use equation 10 with three different values of tidal slope
(10−8.5, 10−9.5, 10−10.5 s−2) and t=30 m. b) As for a) but plotting data against
qn2. Lines assume three different values of R (0.1, 1, 10 km) and t=30 m.

205

Figure 2a plots the data from Table 1, with each asteroid colour-coded206

according to the tidal slope. It is apparent that, for a given radius, bodies207

with larger inferred values of Q/k2 tend to be those experiencing larger tidal208

slopes, as expected from equation 10. The coloured lines in Fig 2a use equa-209

tion (10) with three different values of tidal slope and t=30 m. Although210

the data are scattered, the model captures the sensitivity to R and qn2 rea-211

sonably well. Figure 2b is similar to 2a but now plots the variation in Q/k2212

as a function of qn2. For the same tidal slope larger asteroids are less dissi-213

pative. Again, the spread in the data is approximately consistent with the214

theoretical model, although an R3/2 dependence would improve the fit.215

3.2. Taylor and Margot (2011)216

We may also compare our calculation results with the inferred µQ ob-
tained by Taylor and Margot (2011), hereafter TM11. As noted above,
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since these inferred values neglect BYORP, they are likely to provide up-
per bounds. For small bodies the relationship of µ to k2 is µ ∼ ρ2R2G/k2

(Goldreich and Sari, 2009). Using equation (10) we thus derive

µQ ∼ 108

(
R

1 km

)3 (
qn2

3× 10−10

) (
30 m

t

)2

(11)

This prediction may be compared directly with the µQ values derived by217

TM11. Figure 3 plots the calculated µQ using equation 11 with t = 3 m218

against the measured µQ. The general trends seen in both Figs 3a and 3b219

are reproduced reasonably well by the model. This approach results in less220

dissipative asteroids than for Fig 2 (as expected), which in our model results221

in a thinner dissipative layer (lower t). We note that the asteroids shown222

in Fig 2 represent a subset of the asteroids used by TM11 (Fig 3). There223

is thus a set of asteroids for which we have two estimates of the dissipative224

properties.225

226

227

Figure 3 a) As for Fig 2a, but using the data of Taylor and Margot (their Tables 2
and 3) and comparing with the prediction of equation 11. Here t=3 m (rather than
30 m in Fig 2). b) As for Fig 2b, but with t=3 m. Arrows on some data points
are to remind the reader that all estimated values are upper limits (see text).

228

The results of Scheirich et al. (2015) for (175706) 1996 FG3 are thus of229

considerable importance. TM11’s analysis yields a µQ of 2.7×109 Pa for this230

body. As noted above, the absence of any detected semi-major axis drift for231

this body strongly suggests an equilibrium state in which BYORP and tides232
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balance (the JS11 assumption), and in this case µQ ≈ 8.2× 106. For a body233

with 1996 FG3’s parameter values (q=0.025, R=0.82 km, ρ=1.3 g/cc and n =234

1.07×10−4 s−1), equation 11 shows that t ≈76 m. This is broadly consistent235

with the estimates of t derived from the JS11 analysis (Section 3.1). Based236

on this example we place more weight on the JS11 results than the TM11237

results, but point out that future observations of other asteroids are required238

to provide confirmation of the equilibrium semi-major axis hypothesis.239

3.3. Pravec et al. (2014)240

Pravec et al. (2014) show that the line dividing tumbling from non-241

tumbling asteroids yields a damping timescale which is approximately inde-242

pendent of radius. Since the excitation timescale for tumbling is expected to243

be radius-dependent, one would expect the damping timescale to also depend244

on radius. These authors suggest that their result may be due to the fact that245

µQ, which controls the damping timescale, is itself radius-dependent. The246

equations given in Pravec et al. (2014) show that for the damping timescale247

to remain constant, µQ would need to scale as R2. Our equation (11) predicts248

that, for a constant t, µQ instead goes as R3. Thus, while our results provide249

qualitative agreement with the Pravec et al. (2014), there is not quantitative250

agreement.251

4. Discussion252

The analysis above suggests that the JS11 observational constraints can253

be satisfied by frictional dissipation if two conditions are met: the thickness254

of the layer in which dissipation occurs (t) is independent of (or decreases255

slightly with) R; and the thickness of this layer is of order 30 m. The question256

is whether either of these conditions is reasonable.257

4.1. Regolith thickness258

The simplest way to explain the dissipative layer is to appeal to a granular259

layer (a regolith) that is ∼30 m thick, with less disrupted, more monolithic260

and less dissipative material beneath. Such a situation resembles the near-261

surface structure of the Moon, in which the near-surface consists of fine-262

grained material, while at greater depths larger, fractured blocks are present263

(Heiken et al., 1991, Fig 4.22). Observational constraints on asteroid regolith264

thicknesses are scanty. On Itokawa (mean R=0.17 km), the regolith thickness265

is a few metres or more deep, at least locally (Barnouin-Jha et al., 2008).266
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Grooves on Gaspra (R=6.1 km) might suggest a regolith layer of thickness 30-267

200 m (Veverka et al., 1994), although this is uncertain. On Eros (R=8.4 km),268

groove dimensions have been used to suggest a regolith thickness of up to a269

few tens of metres (Prockter et al., 2002). Thomas et al. (1979) concluded270

that grooves on Phobos (R=11.3 km) suggested a regolith thickness of 100-271

200 m. On Ida (R=15.7 km), weak, mobile surface materials are estimated272

to extend to a depth of ∼50 m (Sullivan et al., 1996).273

Based on the summary above, a regolith thickness of order 30 m would274

be hard to rule out, except perhaps for Itokawa. As far as the dependence275

of t on R goes, Itokawa is two orders of magnitude smaller than Ida, yet the276

inferred regolith is only an order of magnitude thinner. At the very least,277

this suggests that the linear dependence of t on R sometimes assumed (Haack278

et al., 1990, e.g.) is too strong (see below).279

In terms of mechanisms, one might expect an impact-dominated regolith280

thickness to scale in some fashion with radius. However, even the sign of the281

scaling is unclear (Haack et al., 1990, e.g.). Housen et al. (1979) argue that282

regolith thickness increases markedly with increasing radius, while Langevin283

and Maurette (1980) argue that for small asteroids the expected regolith284

thickness is tens of metres, and decreases slightly with radius. The latter’s285

conclusions are thus fully consistent with our findings.286

Another complicating factor may be the role of thermal fatigue as a287

regolith-generating process (Delbo et al., 2014). This process will not di-288

rectly depend on body size. However, the thermal skin depth is too shallow289

for thermal stresses to be directly generating regolith at decameter depths. At290

a minimum, some other mechanism must be circulating material from these291

depths to the surface, for instance impact gardening or perhaps shaking-292

induced convection (Yamada et al., 2016).293

Rather than appealing to a regolith thickness determined by other pro-294

cesses, there might instead only be a regolith sub-layer (of thickness ∼30 m)295

in which significant dissipation occurs. One could imagine that at some crit-296

ical depth the frictional stress arising from the overburden pressure exceeds297

the tidal shear stresses causing relative motion. Such a thin, surficial mobile298

sub-layer is a common outcome in granular flow experiments (Allen and Ku-299

drolli, 2017, e.g.). Furthermore, since surface boulders rarely exceed 10 m in300

diameter (Chapman et al., 2002; Michikami et al., 2008, e.g.), the inferred301

sub-layer thickness might be as small as only a few “grains” thick, consistent302

with the experiments.303

Using Goldreich and Sari (2009), the tidal stress (force per unit area304
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at the primary surface) is (mg/R2)(R/a)3 ∼ (qn2/G)Rg, where g is the305

surface gravity and m is the mass of the secondary. If grains cannot move306

past each other, then the near-surface regolith will act as a monolithic layer,307

resembling the shell of an icy satellite. In such a case, the tidal stresses can308

be compared with the overburden pressure to calculate the depth to which309

fractures could open (Smith-Konter and Pappalardo, 2008, e.g.). In this case,310

given an overburden stress of ρgz, the depth to which fractures could open311

is z ∼ [qn2/ρG]R = [(R′/a)3]R. Here the quantity in brackets is the tidal312

slope and for our nominal parameters we obtain a depth of a few meters.313

Note that we are neglecting the role of any cohesive forces, which may not be314

entirely negligible in such a low-stress environment (Scheeres and Sánchez,315

2018). This caveat aside, at least in the very near-surface it appears that316

grains can move past each other under the influence of tidal stresses, although317

we concur with GS09 that in the bulk of the asteroid such relative motion318

is not possible (“cracks don’t matter”). More to the point, however, if we319

assume that the thickness t is controlled by the fracture-opening depth, then320

the predicted linear dependence of t on R is not consistent with our results,321

so we do not pursue this line of argument further.322

4.2. Regolith thickness - radius scaling323

So far we have argued, based on a linear Q/k2 − R relationship that the324

regolith thickness t should be independent of body radius R. However, if325

one takes equation (10) and uses the measured Q/k2 values to derive t, the326

derived t actually decreases somewhat with increasing radius (Table 1). The327

range in derived t-values for data is quite small (12 to 191 m), and overlaps328

with the estimated thicknesses enumerated above, but nonetheless this is a329

surprising result. The likely explanation is that Q/k2 actually varies more330

like R3/2 (Fig 2a) and, as a result, equation (10) implies t must scale as R−1/4.331

This dependence would also improve the fit to the observations plotted in332

Fig 2b. In any event, it implies that if anything, regolith thickness should333

decrease with increasing radius.334

4.3. Asteroid mechanical properties335

In our approach we assume that the amplitude of the tidal response of336

a rubble-pile asteroid is determined by its bulk interior material properties,337

such as shear modulus and yield strain (equation 7). The rate of dissipation,338

however, will depend strongly on whether the material is monolithic blocks or339

fine-grained regolith (Section 2). We hypothesize that the dissipated energy340
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budget is dominated by the near-surface regolith. This picture is in contrast341

to the idea proposed by Hurford et al. (2016), in which the tidal amplitude of342

Phobos is hypothesized to be controlled by a rigid surface layer (the regolith)343

overlying a weak interior.344

The situation we envisage is somewhat reminiscent of the situation on345

Earth, where the overall tidal amplitude is controlled by the bulk material346

properties of the interior, while the dissipation is dominated by a thin surficial347

layer (the ocean). An important difference is that water, having no shear348

strength, will flow laterally in response to the small tidal slopes (∼ 10−7)349

imposed by the lunar tides. A rocky regolith layer will not flow laterally in350

this way, because static friction vastly exceeds the small tidal slopes; however,351

the tidal displacement of the underlying material will still cause shear strains352

in the layer, and thus dissipation (Figure 1).353

4.4. Long-term binary evolution354

If equation (10) is correct, then the long-term orbital evolution of the355

binary system will require modification, because Q/k2 is now frequency-356

dependent rather than being constant, as is usually assumed. However, the357

only effect on the usual tidal evolution equations (Murray and Dermott, 1999,358

e.g.) is to introduce an additional constant factor of order unity. As a result,359

the long-term evolution will be qualitatively the same as for a constant-Q360

case.361

5. Conclusions362

It currently appears that the most parsimonious explanation of the JS11363

observations is that asteroids possess a dissipative regolith layer a few de-364

cameters thick, independent of (or even decreasing slightly with) body radius.365

Beneath the regolith layer is a more monolithic, although still fractured, inte-366

rior which is much less dissipative, but which nonetheless controls the overall367

amplitude of the tidal response. Encouragingly, our regolith thickness esti-368

mates are consistent with the asteroid-regolith generation model developed369

by Langevin and Maurette (1980).370

We can envisage at least three pathways forwards. The first is to carry out371

numerical experiments on frictional dissipation in tidally-perturbed asteroids,372

ideally including polyhedral fragments in a manner similar to Movshovitz373

et al. (2012). These results may then be compared with our simple scaling374

arguments. A second is to investigate whether the model of Langevin and375

14



Maurette (1980) still holds, in view of more recent developments in modeling376

of impact processes and regolith redistribution (Korycansky and Asphaug,377

2004, e.g.). The third is to test our analysis with upcoming observations.378

For instance, astrometry (as demonstrated by Scheirich et al. (2015)) can379

potentially be used to measure k2/Q and thus predict the regolith thickness380

via equation (10). Remote sensing observations (e.g. radar sounding, de-381

tailed gravity mapping or morphometric analysis by future spacecraft such382

as OSIRIS-REx) will then allow measurement of regolith thickness and com-383

parison with the predictions.384
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Table 1 Binary asteroids with synchronous secondaries using the 2015-09-18 update from
http://www.asu.cas.cz/∼asteroid/binastdata.htm (see Pravec et al. (2016)). Entries in
bold were also used in JS11; of the remainder, entries in italics are for systems where the
synchronous rotation of the secondary is uncertain. Here ah and eh are the heliocentric
semi-major axis and eccentricity; ρ is assumed to be 2 g/cc in the absence of other
information; and BQ/k2 is calculated using the same approach as in JS11, taking the
solar radiation constant to be 4.4 × 10−6 kg m−1 s−2 (McMahon and Scheeres, 2010).
The final column is the predicted regolith thickness t calculated using the observations
and equation (10) with B = 10−2.

Name ah eh ρ q Rp a(Rp) BQ/k2 t
AU g/cc km m

(1338) Duponta 2.264 0.112 2 0.0128 3.85 3.86 28400 12
(1453) Fennia 1.897 0.029 2 0.0230 3.17 4.63 8240 21
(2044) Wirt 2.380 0.344 2 0.0156 3.0 4.06 16400 15
(2121) Sevastopol 2.183 0.179 2 0.0674 4.30 6.46 8040 27
(2131) Mayall 1.887 0.111 2 0.0283 4.10 4.70 16100 19
(3309) Brorfelde 1.817 0.053 2 0.0203 2.20 3.99 8670 20
(5407) 1992 AX 1.838 0.278 2 0.0101 1.85 3.23 10500 16
(5477) Holmes 1.917 0.076 2 0.0640 1.50 4.88 5110 29
(5481) Kiuchi 2.339 0.063 2 0.0439 1.80 4.37 14300 19
(5905) Johnson 1.910 0.072 2 0.0546 2.24 4.51 15900 21
(6084) Bascom 2.313 0.236 2 0.0493 3.0 7.14 1420 39
(7088) Ishtar 1.981 0.390 2 0.0736 0.53 4.38 1600 39
(8306) Shoko 2.242 0.220 2 0.0963 1.20 6.41 1120 46
(9260) Edwardolson 2.290 0.229 2 0.0224 1.95 3.90 14300 16
(17260) 2000 JQ58 2.205 0.184 2 0.0203 1.65 3.44 20200 14
(44620) 1999 RS43 2.176 0.165 2 0.0376 1.0 5.99 338 52
(65803) Didymos 1.644 0.38 2 0.0116 0.380 2.98 718 34
(66063) 1998 RO1 0.991 0.720 2 0.1072 0.40 3.50 1370 64
(66391) 1999 KW4 0.642 0.688 2 0.0361 0.64 3.86 181 107
(76818) 2000 RG79 1.930 0.096 2 0.0393 1.25 3.36 25400 16
(80218) 1999 VO123 2.219 0.027 2 0.0322 0.44 5.92 61 76
(85938) 1999 DJ4 1.852 0.484 2 0.1150 0.18 4.00 493 59
(137170) 1999 HF1 0.819 0.463 2 0.0144 1.85 3.32 2560 38
(175706) 1996 FG3 1.054 0.349 1.3 0.0251 0.82 3.17 1080 55
(185851) 2000 DP107 1.366 0.377 1.3 0.0618 0.43 6.08 17 191
(276049) 2002 CE26 2.233 0.560 0.8 0.0007 1.73 2.61 216 38
(285263) 1998 QE2 2.423 0.572 0.7 0.0156 1.50 4.00 507 61
(399774) 2005 NB7 2.044 0.518 2 0.0393 0.25 3.55 679 4116
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Pravec, P., Scheirich, P., Kušnirák, P., Hornoch, K., Galád, A., Naidu, S. P.,467
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