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ABSTRACT
Mimas’s current eccentricity is not being excited by any present-day resonance. We investigate
whether its eccentricity could have been excited by passage through the set of resonances
associated with the Mimas:Enceladus 3:2 commensurability, which occurred roughly 0.3 Gyr
ago. Both the 3:2 e-Mimas resonance and the 6:4 mixed resonance can explain the present-day
eccentricity without violating heat flux constraints imposed by the absence of relaxation of
the Herschel impact basin. We favour the 6:4 mixed resonance because it occurs first and
often prevents capture into the subsequent 3:2. During passage through the 6:4 the k2/Q of
Mimas was less than 2 × 10−5, while that of Enceladus was <∼ 5 × 10−5. Mimas’s lack of
dissipation can be explained by a cold, rigid ice shell and no subsurface ocean, while Enceladus
must have subsequently become more dissipative, probably as a result of its capture into the
2:1 resonance with Dione.

Key words: celestial mechanics – planets and satellites: dynamical evolution and stability –
planets and satellites: formation – planets and satellites: interiors.

1 IN T RO D U C T I O N

Mimas, the innermost Saturnian satellite, appears geologically inert
(e.g. Squyres et al. 1983; Castillo-Rogez et al. 2018). At the same
time, it has a high eccentricity, despite not being currently in a
resonance which would excite eccentricity (e.g. Meyer & Wisdom
2008). Together, these observations place constraints on Mimas’s
thermal and orbital evolution.

One possibility is simply that Mimas acquired a high eccentricity
during its formation, and has not damped its eccentricity since.
This would require Mimas’s interior to dissipate very little energy,
or equivalently to have a very small k2, 0/Q0, where k2, 0 is the
degree-2 tidal Love number and Q0 is the dissipation factor. (We
use the subscript 0 for Mimas, 1 for Enceladus, and p for the
planet Saturn.) The second possibility, which we will pursue, is
that Mimas’s eccentricity was excited recently and is now decaying,
producing heat as it does so. This scenario is more in line with recent
results suggesting that the Saturnian satellite orbits have migrated
significantly (see below), but it is only viable if it does not violate
the constraints imposed by the absence of geological activity.

In exploring this second scenario, we will also briefly consider
the issue of Mimas’s age. It has been suggested that Mimas formed
relatively recently: perhaps only 1–2 Gyr ago out of expanding ring
material (Charnoz et al. 2011; Salmon & Canup 2017), or even only
a hundred Myr ago (Ćuk, Dones & Nesvorný 2016). Either scenario
is radically different from the traditional picture of accretion from a
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proto-satellite disc 4.5 Gyr ago (e.g. Coradini, Magni & Turrini
2010). As we discuss below (Section 1.2), these different ages
arise from different interpretations of Saturn’s measured dissipation
factor.

There are various papers of relevance to this study. Among the
most frequently cited is that of Meyer & Wisdom (2008). These
authors used very similar analytical tools to ours to investigate
a number of resonances relevant to Mimas and Enceladus. They
investigated both of the resonances we examine, and in general
reached similar conclusions. However, our approach differs in
three important respects. First, we use new constraints on the
dissipation rate in Saturn (Section 1.2) which were not available to
Meyer & Wisdom (2008) and which change the quantitative results
significantly. Second, we investigate a wide range of parameter
space for tidal properties of Mimas and Enceladus, and make use of
a geophysical constraint (the unrelaxed Herschel basin; Section 1.1)
as a check on our models. And, third, we compare our results with
simple internal structure models (Section 5) to confirm that the
orbital results are reasonable.

Tajeddine et al. (2014) investigated the internal structure of
Mimas using librations. These authors concluded that Mimas had
to be differentiated, with either a rigid and lumpy silicate core, or
a subsurface ocean; the latter possibility is challenging from an
energy standpoint but might be supported by the measured libration
phase shift (Noyelles 2017). Neveu & Rhoden (2019) carried out
coupled thermal-orbital models for the inner Saturnian satellites.
Our approach is more narrowly focused than their work, and we
do not couple the structural and orbital calculations. On the other
hand, our orbital modelling is more detailed, in particular paying
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370 Z. Tian and F. Nimmo

attention to higher order (e.g. 6:4) resonances, which are not treated
by Neveu & Rhoden (2019) but which we argue below may have
been important for Mimas.

Other orbital investigations into the Saturnian satellites not
focusing specifically on Mimas include Zhang & Nimmo (2009),
Nakajima et al. (2019), and Hussmann et al. (2019). The most
comprehensive investigation of Mimas’s internal structure to date
is that of Neveu & Rhoden (2017), while the puzzling difference
in geological activity between Enceladus and Mimas has been
investigated by Squyres et al. (1983), Wisdom (2004), and Schubert
et al. (2007), among others.

The rest of this paper is arranged as follows. In Section 1.1,
we present the observational constraints we will use, while in
Section 1.2 we will outline the orbital evolution we envisage Mimas
to have followed, based on the resonance-locking scenario of Fuller,
Luan & Quataert (2016). In Section 2, we then analyse the 3:2
Mimas:Enceladus resonance, and in Section 3 we look at the 6:4
second-order Mimas:Enceladus resonance, which turns out to have
several advantages over the 3:2. Section 4 provides the results, in
detail for a specific case, and also for a wider range of parameter
choices. Section 5 discusses the implications of our results, while
Section 6 summarizes our conclusions and suggests possible further
work.

1.1 Observational constraints

Mimas is currently in an inclination-type resonance with Tethys,
explaining the high inclination of Mimas (Allan 1969). Surprisingly,
however, Mimas’s eccentricity is also high, despite not being in an
eccentricity-exciting resonance: at 0.0196 it is higher than that of Io,
Enceladus, and Europa (all bodies which are in current eccentricity-
type resonances).

In the absence of an excitation mechanism, the eccentricity will
decay with a time-scale τ e given by (e.g. Murray & Dermott 1999)

τe = 2

21

(
m2

pm
3
0G

5

n13
0 R15

0

)1/3
Q0

k2,0
= 1.9 kyr

Q0

k2,0
, (1)

where mp and m0 are the masses of Saturn and Mimas, R0 is
the radius of Mimas, n0 is its mean motion. A k2, 0/Q0 of 10−6

would still yield an eccentricity damping time-scale of 1.9 Gyr,
short compared to the age of the Solar system. For comparison, to
produce its measured heat output Enceladus (small but active) must
have k2, 1/Q1 > 2.6 × 10−3 (Nimmo et al. 2018) while a larger but
inactive body like the Moon has a k2/Q = 6.4 × 10−4 (Williams
et al. 2014). Thus, while we cannot rule it out entirely, a k2, 0/Q0 <

10−6 seems hard to achieve (see also Section 5 below).
Just as for Enceladus, the long-wavelength shape of Mimas is

distinctly different from that expected for a fluid body (Nimmo,
Bills & Thomas 2011). This suggests that either active processes
(such as tidal heating) are maintaining the shape, or that the body has
stayed cold and rigid enough for its shape not to relax. As reviewed
in Hemingway et al. (2018), the former case applies to Enceladus;
Mimas’s lack of geological activity, and the results of Tajeddine
et al. (2014), suggests it occupies the latter category. For reference,
estimates of radiogenic heating in Mimas imply a present-day heat
flux of about 0.1 mW m−2 (Czechowski 2009).

To obtain a more quantitative constraint, we use the large impact
basin Herschel. The fact that this basin is deep and apparently
unrelaxed (Schenk 2010) places an upper bound on how large
heat fluxes could have been since Herschel’s formation (Thomas &
Squyres 1988). This is because too high a heat flux would result in

warm ice close to the surface, which would flow in such a way as
to make Herschel shallower. Although a full analysis of relaxation
on Herschel (D = 139 km) has not been carried out to date, we can
use relaxation modelling for other bodies as a guide. For instance, a
heat flux of 30 mW m−2 causes approximately 60 per cent relaxation
of a Penelope-sized basin (D = 183 km) on Tethys (White et al.
2017). Conversely, a D = 140 km basin on Iapetus would undergo
9 per cent relaxation when subjected to a peak heat flux of 6 mW m−2

(Robuchon et al. 2011). Herschel has probably not undergone more
than about 20 per cent relaxation, which suggests that an upper
limit on the heat flux is roughly 10 mW m−2. In the absence of
more detailed models, we will use this criterion as a constraint,
while recognizing that it may need modifying if future modelling
studies are carried out.

1.2 Orbital evolution

Dissipation in Saturn causes torques which move the satellites
outwards. The rate of outward movement is conventionally assumed
to depend on the dissipation factor, Qp, of Saturn, which usually
results in the innermost moons moving out fastest (Murray &
Dermott 1999). Astrometric analyses have allowed the outward
motion of several of the moons to be measured, resulting in a Qp

value at the present day of ≈2000 (Lainey et al. 2017), much lower
than was expected. If Qp is constant in time, this value implies that
Mimas is only of order 100 Myr old (Ćuk et al. 2016).

However, it has been argued (Fuller et al. 2016) that Qp is not con-
stant, and that instead the outward motion of the satellites happens at
a rate controlled by the evolution time-scale of Saturn’s interior, tα .
This ‘resonance-locking’ approach yields a time-variable Qp which
allows the satellites to be moving outwards rapidly, as observed,
without requiring them to be young. This issue is discussed in more
detail in Nimmo et al. (2018) and we give a brief review below.
An alternative suggestion which also yields a frequency-dependent
Qp is that dissipation is concentrated in Saturn’s viscoelastic core
(Hussmann et al. 2019).

The key idea of the ‘resonance-locking’ approach is that dissi-
pation spectrum in Saturn is ‘spiky’: there are particular, discrete
frequencies at which dissipation is much higher than at the sur-
rounding frequencies. These spikes represent the natural resonant
frequencies at which Saturn oscillates; because the spikes depend
on Saturn’s structure, their location in frequency space will evolve
as Saturn evolves. As these spikes sweep through frequency space,
they may encounter a satellite, which will then evolve in frequency
(mean motion) at a rate dictated by the rate at which the spike
frequency is changing. Thus, the orbital evolution time-scale of
the satellite is determined by the evolution time-scale tα of the
spike. Different spikes, arising from different depths inside Saturn,
may have different evolution time-scales. Astrometric studies of the
Saturnian satellites imply a tα that increases with satellite semimajor
axis (Fuller et al. 2016).

The result of the resonance-locking approach is that Qp is not a
fundamental quantity; it is instead derived from tα . For any particular
satellite the effective Qp decreases with increasing semimajor axis.
As a result, the increase of the satellite semimajor axis a with time
is described by an exponential function (Nimmo et al. 2018) rather
than the usual t13/2 expression for constant Qp (Murray & Dermott
1999). What this means in practice is that a present-day low effective
Qp does not require a recently formed satellite.

Fig. 1(a) shows an implementation of the Fuller et al. (2016)
approach. The satellites move outwards at a rate that increases as
they become more distant. The vertical lines denote mean motion
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Second-order resonance for Mimas evolution 371

Figure 1. (a) Outward evolution of the Saturnian satellites, modified from
Nimmo et al. (2018). Here, the resonance-locking scenario (Fuller et al.
2016) is assumed. The vertical lines denote mean motion resonances
between satellite pairs; red indicates diverging and green converging orbits.
The 3:2 Enceladus-Mimas resonance occurs at 4.22 Gyr. Here, we take
tα = 3, 8, 12, 51, and 49 Gyr for the satellites in order from Mimas to Rhea.
(b) Effective dissipation factor for Saturn (Qp) at Mimas’s orbital frequency.
The heat flux for Mimas is calculated for the equilibrium 3:2 resonance as
described in the text.

resonances between the satellites, with the red lines indicating
diverging orbits and the green lines denoting converging orbits.
Capture into resonance is only possible for converging orbits
(Dermott, Malhotra & Murray 1988).

Focusing on Mimas, the most recent commensurabilities are the
3:2 with Enceladus and the 3:1 with Dione (note that because of
orbital precession there are in fact several different resonances
associated with each commensurability). In our work below we
will focus on the 3:2. This is for two reasons. First, it is encountered
first and if eccentricities are excited, then capture into subsequent
resonances (such as a 3:1) is less likely (Meyer & Wisdom 2008).
Second, it is a first-order resonance and is thus expected to
have a larger effect on eccentricity, although it turns out that the
associated second-order 6:4 resonance is more consistent with the
observational constraints.

For the parameters adopted, the 3:2 commensurability occurs at
4.22 Ga (0.34 Gyr before present) when Mimas’s semimajor axis
is 8 per cent less than its present-day value. This plot does not
consider the duration of each resonance, which can be short or very
long, depending on the resonance type and details. So we interpret
the time of occurrence of a resonance on this plot as the time of
exit from that resonance. For the 3:2 commensurability, roughly
340 Myr have elapsed since its exit.

Fig. 1(b) shows how Qp at Mimas’s orbital frequency varies with
time (Nimmo et al. 2018). As noted above, Qp decreases (Saturn

effectively becomes more dissipative) as the orbit evolves outwards.
The value of Qp at capture into the 3:2 resonance is 4800, compared
to the present-day value of ≈2000 (Lainey et al. 2017).

We note that Fig. 1 assumes that the satellites spend a short
enough time in each resonance that the overall outward evolution
time-scale is not affected. In practice (and as we discuss below),
some of these resonances may persist for a considerable period of
time. The earlier resonances shown in Fig. 1 are thus somewhat un-
certain and history-dependent; however, the most recent resonances
(such as the 3:2 of interest here) are least subject to this uncertainty.

Having examined the overall evolution of Mimas and Enceladus,
we now go on to examine what happens as they pass through the
3:2 and associated resonances. The order in which the resonances
are encountered is: 3:2 e-Enceladus; 6:4 e-Mimas-e-Enceladus; 3:2
e-Mimas (Meyer & Wisdom 2008). Because the 6:4 is encountered
prior to the 3:2 e-Mimas, and generally precludes capture into the
latter resonance, we focus more heavily on the former. We also
briefly consider the circumstances under which the 3:2 e-Enceladus
resonance can be avoided.

2 FI RST-ORDER RESONANCE (3:2 e-MIMAS)

Consider the system of Saturn, Mimas, and Enceladus. For sim-
plicity, we initially ignore the flattening of Saturn and tidal effects,
and focus on the Kepler motions of the satellites and the orbital
perturbations between the satellites.

When the angle g̃0 = (3λ1 − 2λ0 − �0) stays near a constant
value (λ is the mean longitude, � is the longitude of pericentre),
then c0e0 cos g̃0 is the only slow-varying, first-order (in eccentricity)
term in the disturbing function: RD ≈ c0e0 cos g̃0 (c0 = −2.025 is
a constant coefficient.). Therefore, the system can be approximated
by the sum of the two Kepler Hamiltonians (HK0 and HK1) and
the e0 cos g̃0 term in the disturbing function (Hoo). Here, subscript
0 generally refers to Mimas and 1 to Enceladus, so that e0 is the
eccentricity of Mimas and e1 that of Enceladus.

Since we are focusing on the eMimas resonance, g̃1 does not
appear in HK0 + HK1 + Hoo, where HK0 represents the Kepler
motion of the Moon around Earth, HK1 for the motion of Earth–
Moon around the Sun, and Hoo is the perturbation between the
two orbits. So G̃1 is degenerate ( d

dt
G̃1 = −∂H

∂g̃1
= 0). The phase-

space dimension is reduced to 2: {g̃0, G̃0}. Since G̃0 ≈ L̃0
e2

0
2 , this

says the system evolution involves only the resonant angle and Mi-
mas’s eccentricity: g̃0 = 3λ1 − 2λ0 − �0, G̃0 ∝ e2

0. The system is
simplified to

HK0 + HK1 + Hoo ≈ (3ñ1 − 2ñ0)G̃0

− 3

2

(
4

ñ0

L̃0
+ 9

ñ1

L̃1

)(
G̃2

0 + 2G̃0G̃1
) − ε2

ã0

ã1

m′
0μ

2
1

L̃2
0

c0e0 cos g̃0

= ñ0L̃0 ·
{(

δ0 − γ0e
2
1L̃1/L̃0

)
p̄0 − γ0p̄

2
0 − ε2

ã0

ã1
c0

√
2p̄0 cos g̃0

}
,

(2)

where δ0 = 3 ñ1
ñ0

− 2 denotes the proximity to exact commensurabil-

ity, γ0 = 3
2 (4 + 9 L̃0/L̃1

ñ0/ñ1
), p̄0 = G̃0

L̃0
, and the relation 2p̄0 = 2G̃0

L̃0
≈ e2

0

is used. This form agrees with Henrard & Lemaitre (1983).
Let δ′

0 = δ0 − γ0e
2
1L̃1/L̃0, ε0 = −ε2

ã0
ã1

c0, and use the

non-canonical elements k0 =
√

2G̃0
L̃0

sin g̃0 ≈ e0 sin g̃0,

h0 =
√

2G̃0
L̃0

cos g̃0 ≈ e0 cos g̃0 (here
√

2G̃0 sin g̃0 and√
2G̃0 cos g̃0 are a canonical conjugate pair of coordinate
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and momentum), then

HK0 + HK1 + Hoo ≈ ñ0L̃0 ·
{

δ′
0
k2

0 + h2
0

2
− γ0

(
k2

0 + h2
0

2

)2

+ ε0h0

}
.

(3)

The inclusion of the flattening of Saturn (the gravity moments J2,
J4) usually brings an extra small change to δ′

0:

�δ′
0 = −1

2
J2

(
Rp

ã0

)2
(

15 − 18

(
ñ1

ñ0

)7/3
)

+ 3

8
J4

(
Rp

ã0

)4
(

30 − 30

(
ñ1

ñ0

)11/3
)

+ −9

8
J 2

2

(
Rp

ã0

)4
(

27 − 30

(
ñ1

ñ0

)11/3
)

. (4)

(for zero inclination.)
From equation (3), the system has 1 or 3 equilibria depending

on the parameter values, at which ḣ0 = 0 (−∂H
∂k0

= 0) and k̇0 = 0

(∂H
∂h0

= 0), which requires that k0 = 0 and h0 be a root of

δ′
0h0 − γ0h

3
0 + ε0 = 0. (5)

Far from exact commensurability (before the resonance encounter)
δ′

0 (negative) dominates and h
equi
0 ≈ −ε0/δ

′
0. In the general case

there is at least one real root h
equi
0 =

√
ε0

2γ0
+

√
( ε0

2γ0
)2 − (

δ′
0

3γ0
)3 +√

ε0
2γ0

−
√

( ε0
2γ0

)2 − (
δ′

0
3γ0

)3, which is also the value of equilibrium

eccentricity of the 3:2 e0 type resonance. Physically, it means that
there exists an e0 value such that the rate of regression of the
inner body’s pericentre matches the rate of regression of the line of
conjunction. The rate of regression of the pericentre, as perturbed by
the exterior, is inversely proportional to e0; at any particular value
of δ0 (negative), the position of consecutive conjunctions regresses
at a given rate; the recurring configuration means that if the inner
body is at pericentre when a conjunction occurs, it should also be
at its new, regressed pericentre when the next conjunction occurs.
The e0 value for this configuration is |hequi

0 |.
Note that this equilibrium differs from the tidal equilibrium. At

low eccentricities, tides from the primary tend to make δ0 less
negative (when tides from satellites are weak), and |hequi

0 | would
increase. Since e0 usually does a small-amplitude libration around
|hequi

0 |, the result is growth of e0. But as e0 increases, the rate of
tide-induced change of δ0 slows down (since tidally driven growths
of ai and ei slow down), establishing a negative feedback. When
e0 increases to the point that the tides do not change δ0 any
more, the system has reached a tidal equilibrium. Physically, this
arises because the rate at which the primary tide is increasing the
eccentricity via the resonance equals the rate at which dissipation in
the satellite is damping the eccentricity. We use |hequi

0 | to denote the
main root of equation (5), and e

equi
0 the tidal equilibrium eccentricity.

Meyer & Wisdom (2007) demonstrated that for a satellite with
high eccentricity in orbital resonance, the equilibrium (in the e

equi
0

sense) heating rate depends on Qp and can be estimated independent
of the structure and material properties (k2, Q) of the satellite. The
estimate is derived based on conservation of total orbital angular
momenta in resonant interaction, and the relation ȧ0

a0
≈ ȧ1

a1
after the

system has reached tidal equilibrium. For the Mimas-Enceladus 3:2
e0 resonance case, most of the tidal heating occurs in Mimas since

e1 is not excited, and the heating rate is given by

H ≈ n0T0 + n1T1 − T0 + T1

L0 + L1
(n0L0 + n1L1),

Ti = 3

2

Gm′
i
2
R5

pk2p

a6
i Qp

. (6)

For the Mimas–Enceladus 3:2 e0 resonance, with Qp = 4800, the
equilibrium heating rate is 3.6 GW and the surface heat flux is 7.4
mWm−2. This heating rate agrees with the results shown in Fig. 2
below, and is consistent with the requirement that Herschel does not
undergo too much relaxation. Also, as shown by Meyer & Wisdom
(2008), the e-Mimas resonance will spontaneously break, allowing
Mimas’s eccentricity to evolve to its present-day value. However,
in order for this resonance to explain the present-day eccentricity of
Mimas, the satellites must first have passed through the 6:4 mixed
resonance, which we now examine. As we will demonstrate below,
capture into the 6:4 results in avoidance of capture into the 3:2
e-Mimas resonance.

3 SE C O N D - O R D E R R E S O NA N C E ( 6 : 4
e-MIMAS-e-ENCELADUS)

When 3λ̇1 − 2λ̇0 ≈ 0, but with 6λ1 − 4λ0 − � 0 − � 1 staying
at a constant value, instead of 3λ1 − 2λ0 − � 0, then the
system is in a second-order (6:4) e0e1 mixed-variable resonance.
If we take g̃+ = 3λ1 − 2λ0 − �0+�1

2 , g̃− = 3λ1 − 2λ0 − �0−�1
2 as

coordinates, then the canonically conjugate momenta are (using a
generating function) G̃+ = G̃0 + G̃1, G̃− = G̃0 − G̃1. And e0e1 ≈√

4G̃0G̃1
L̃0L̃1

=
√

G̃2+−G̃2−
L̃0L̃1

.

In the second-order (6λ1 − 4λ0 − � 0 − � 1) resonance, we keep
only the c0+1e0e1 cos(g̃0 + g̃1) term in RD (c0 + 1 = −13.30 is a
constant coefficient).

HK0 + HK1 + Hoo ≈ (3ñ1 − 2ñ0)G̃+

−3

2

(
4

ñ0

L̃0
+ 9

ñ1

L̃1

)
G̃2

+ − ε1
m′

1μ
2
1

L′2
1

c0+1

√
G̃2+ − G̃2−

L̃0L̃1
cos(2g̃+) (7)

Unlike the solution of equation (5), in this case there is not a
simple expression for the location of equilibrium eccentricity.

We can expect that with the same values of Qp and k2p, the tidal
equilibrium heating rate of Mimas in the 6:4 e0e1 resonance should
be lower than that in the 3:2 e0 resonance. Since both e0 and e1 are
affected by the 6:4 e0e1 resonance, tidal heating in Enceladus in
this case is non-negligible. According to Meyer & Wisdom (2007),
in the tidal equilibrium state of the 6:4 resonance, the total heating
rate of Mimas and Enceladus should also be approximately given by
equation (7). The partitioning of heat between the two satellites will
depend on their respective k2/Q values. Since, as we show below,
we expect k2/Q for Enceladus to exceed that of Mimas, the total
rate of heat production in Mimas is lower. Furthermore, as we show
below, in some cases the heating of Mimas is further reduced as
the system exits the 6:4 resonance so quickly that the eccentricities
have not yet reached their tidal equilibrium values upon exit.

4 R ESULTS

We study the system of Saturn, Mimas, and Enceladus as summa-
rized above. This model is similar to that employed by Meyer &
Wisdom (2008) in that it is semi-analytical rather than being an
N-body approach. It includes the perturbations of satellites on each
other (up to second order in eccentricities), perturbations from
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Figure 2. (a) Evolution of Mimas and Enceladus through the 3:2 and 6:4
resonances. The top panel shows eccentricities, with Mimas’s present-day
value indicated; the middle panel shows the evolution of the 6:4 argument
2g̃+ (=6λ1 − 4λ0 − � 0 − � 1); and the bottom panel shows the rate of
tidal heat production in the satellites (right scale) and the equivalent surface

heat flux (left scale). Heating rate Hi = 21
2

k2,i

Qi

Gm2
pR5

i
ni

a6
i

e2
i . The heat flux

scale is for Mimas only, since heating rates are divided by the surface area
of Mimas. Here, we take Qp = 4800, k2p = 0.341, k2, 0/Q0 = 3.75 × 10−6,
and k2, 1/Q1 = 2.25 × 10−5. The purple lines show the case for the tidal
equilibrium state of the first-order e0 resonace. (b) Inset from (a) showing
evolution through the 3:2 e1 and capture into the 6:4 e0e1 resonance.

Saturn’s shape, and the planet–satellite tides. We use self-adaptive
step lengths to ensure precision of integration. We provide a detailed
description of our model and algorithm in the supplementary
appendix that is available online. For simplicity, we assume a
constant Qp of 4800 for both bodies, based on the calculations
described in Section 1.2. Although this is a simplification, it is
unlikely to matter very much as Qp for Enceladus is predicted to be
3100 on encountering the resonance, while Qp for Mimas changes
by less than a factor of three over the entire time-scale of interest.

We start the system before it gets near the group of 3:2 Mi-
En mean motion resonances. We take Qp = 4800, k2p = 0.341,
e0 = 1.9 × 10−4, e1 = 3.2 × 10−3, a0 = 0.92 · a

present
0 , and a1

value is taken such that δ′
0 = −1.8 × 10−3 (including the J2, J4, J 2

2

corrections).

4.1 Case study

An example scenario is shown in Fig 2 with a k2, 0/Q0 of 3.75 ×
10−6. The system passes through the 3:2 e1 resonance but avoids
capture. This is contrary to the results of Meyer & Wisdom (2008),
and occurs because we used a higher initial e1 than they used. We
find that this resonance can be naturally passed through if e1 is larger
than 2.5 × 10−3 prior to encounter with this resonance. A reduced
probability of capture into resonance at higher eccentricities is a
common feature of such systems (Borderies & Goldreich 1984). An
alternative is to invoke a perturbation from Dione (El Moutamid,
Ćuk & Tiscareno 2019).

The system then encounters the second-order 6:4 e0e1 resonance,
which causes both e0 and e1 to grow. Before the moons reach their
tidal equilibrium eccentricity values, the resonance breaks. Dissi-
pation in the moons damps their eccentricities, and their semimajor
axes continue to evolve. Mimas’s eccentricity damps to its present-
day value roughly 280 Myr after exiting the resonance. Capture
into the 3:2 e1 resonance does not occur because Mimas has a large
eccentricity on exiting the resonance (Meyer & Wisdom 2008).
We do not explicitly track Mimas’s capture into an inclination-type
resonance with Tethys (which will not affect its eccentricity), nor
Enceladus’s capture into an an eccentricity-type resonance with
Dione. Fig. 3 also shows the predicted equilibrium eccentricity and
heat flux for the 3:2 e-Mimas resonance (Section 2), demonstrating
that the 6:4 generates lower heat fluxes and eccentricities, as
expected.

The particular scenario shown has two encouraging aspects. First,
it succeeds in reproducing Mimas’s present-day eccentricity after
a time delay (280 Myr) that coincides very closely with the time
elapsed since exiting the resonance shown in Fig. 1(a). Second,
it results in a peak heat flux of about 3 mW m−2 for Mimas,
small enough to be compatible with the observational constraints
(Section 1.1). We next explore how our results vary as k2, 0/Q0

and k2, 1/Q1 are varied, to investigate what range of parameters are
compatible with the constraints.

4.2 Parameter space exploration

Fig. 3 shows how various parameters of interest change as k2, 0/Q0

and k2, 1/Q1 are varied. Fig. 3(a) shows the maximum eccentricity
experienced by Mimas. Higher values of k2, 0/Q0 result in lower peak
eccentricities, as expected, with values greater than ≈2 × 10−5

resulting in a peak eccentricity less than the present-day value.
Fig. 3(b) shows how long the system stays in the 6:4 resonance.
Larger values of k2, 0/Q0, k2, 1/Q1 result in short durations in
resonance, since the equilibrium eccentricities e

equi
0 and e

equi
1 are
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374 Z. Tian and F. Nimmo

Figure 3. In parameter space of k2, 0/Q0 and k2, 1/Q1: (a) maximum e0

reached; (b) time spent in the second-order resonance; (c) time since exit
from the second-order resonance until present day’s e

present
0 = 0.02; (d) Peak

surface heat flux for Mimas. All cases use Qp = 4800. In (c) and (d), only

those cases with emax
0 > e

present
0 are plotted). The stars indicate the case

shown in Fig. 2. The white dots denote cases in which the argument 2g̃+
circulates rather than librating. In (b), runs to the lower left of the dashed
line are cases that exit the 6:4 before equilibrium eccentricities are reached.

small and take little time for the system to reach; the system does
not spend too long in the resonance after reaching the equilibrium
eccentricities. With intermediate k2, 0/Q0, k2, 1/Q1 values, it takes
the system longer from being captured into the 6:4 resonance to
reaching tidal equilibrium, so that the system stays in the resonance
for a longer time. When either k2, 0/Q0 or k2, 1/Q1 gets even smaller,
the growth of e0 or e1 becomes rapid and somewhat unstable,
often leading to early exit from the 6:4 resonance (i.e. before the
eccentricities even reach their equilibrium values).

Fig. 2 shows such an early exit. We see that e0 and e1 are still
increasing conspicuously just before the the 6:4 resonance breaks.
Were it not for the early exit, the eccentricities would grow to stable
values and stay at those values for some time. The dashed line in
Fig. 3(b) separates the runs that exit the 6:4 resonance early (to the
lower left of the line) and those where eccentricities reach stable
values before exiting the 6:4.

Fig. 3(c) plots the time elapsed from exit of resonance to Mimas
reaching its present-day eccentricity value. Lower values of k2, 0/Q0

result in more rapid eccentricity growth (and thus earlier departure
from the resonance), but slower eccentricity damping once the
resonance is exited. Lower values of k2, 1/Q1 result in earlier
departure from the resonance without affecting Mimas’s subsequent
eccentricity damping, yielding shorter elapsed time from exit to
present. Fig. 1(a) shows that only about 300 Myr have elapsed since
Mimas escaped the resonance. If this is correct, Fig. 3(c) implies that
k2, 0/Q0 must have been low, <5 × 10−6. Furthermore, at such low
values, the k2, 1/Q1 (of Enceladus) also matters: a larger k2, 1/Q1

results in a higher peak Mimas eccentricity (Fig. 3a) and thus
a longer subsequent damping time-scale. A k2, 1/Q1 in excess of
≈5 × 10−5 makes the post-resonance duration too long.

Finally, Fig. 3(d) shows the peak heat flux experienced by
Mimas. All the heat flux values plotted are consistent with the
observational constraints. Both Mimas’s peak heat flux and peak
eccentricity are only weakly dependent on k2, 1/Q1. This suggests
that the partitioning of energy between the two bodies is only weakly
dependent on their orbital characteristics.

Fig. 3 assumes Qp = 4800 (Section 1.2). If Qp were reduced
while other parameters were left unchanged, the time-scales would
decrease by the same factor, while the heat fluxes would increase
proportionately. The eccentricities would increase as the square root
of this factor, since tidal heating goes as e2.

5 D ISCUSSION

The upper bound on k2, 0/Q0 of 2 × 10−5 (Fig. 3a) or 5 × 10−6

(Fig. 3c) appears low relative to k2, 1/Q1 (> 3 × 10−3 at present).
However, the low heat fluxes (3 mW m−2) derived above imply a
small geothermal gradient (roughly 1 K km−1). Ice has a viscosity of
∼1014 Pa s near its melting point (Goldsby & Kohlstedt 2001) and
becomes elastic at temperatures of roughly 140–180 K (Nimmo,
Pappalardo & Giese 2002). One would therefore expect an elastic
ice layer on Mimas many tens of km thick, which will significantly
reduce k2, 0/Q0.

We use the method of Moore & Schubert (2000) to explore some
possibilities. A three-layer Mimas with a rock core of radius 89 km
and density 3.4 g cc−1 and an ice layer with density 0.92 g cc−1,
rigidity 3 GPa and viscosities 3 × 1014 Pa s (lower 59 km) and
elastic (upper 50 km) has a k2, 0/Q0 of 2 × 10−5. The same model
with a lower ice layer viscosity of 2 × 1015 Pa s gives a k2, 0/Q0 of
3 × 10−6, similar to that adopted in Fig. 2, while instead replacing
the bottom 10 km of ice with an ocean increases k2, 0/Q0 to 8 × 10−5.
This is not meant to be an exhaustive exploration of Mimas internal
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structures. Rather, it demonstrates that the orbital constraints can be
reconciled with physically reasonable structures, but argue against
the presence of a subsurface ocean.

Similar remarks apply to Enceladus: an upper bound of ∼
5 × 10−5 implies a much less dissipative structure than at the present
day. Such an interior is consistent with the low heat fluxes implied
in Fig. 2 and with the maintenance of an initial eccentricity high
enough to avoid the 3:2 e1 resonance (Section 4.1). For Enceladus’s
present-day semimajor axis, equation (1) yields an eccentricity
damping time-scale of 8(Q1/k2, 1) kyr, or >160 Myr using the upper
bound derived above. This analysis suggests that Enceladus’s high
initial eccentricity was the result of an earlier resonance such as the
4:3 with Tethys, rather than a primordial remnant (unless Enceladus
formed recently).

What these calculations suggest is that Enceladus transitioned
from a low-dissipation (and probably ocean-free) state, to a higher-
dissipation, warmer state. This picture is consistent with the much
higher dissipation rates expected from the subsequent (present-day)
Enceladus:Dione 2:1 resonance (Meyer & Wisdom 2007; Nimmo
et al. 2018), and also with the geological evidence which suggests
that Enceladus may have undergone episodic, localized periods of
activity (Patterson et al. 2018).

Of course, an alternative would be to posit that Mimas’s
formation (and its original eccentricity) only happened a few
hundred Myr ago (see Section 1), as high eccentricities can be
the result of late formation of satellites (Charnoz et al. 2011).
We cannot distinguish between a late formation and a recent
eccentricity excitation based on our analysis. What we have shown
is that a young Mimas is not required to explain its high current
eccentricity.

Although Meyer & Wisdom (2008) considered the 6:4 Mimas-
Enceladus resonance as a possible cause of Mimas’s eccentricity,
they preferred the 3:1 Mimas:Dione resonance in part because it
required a less restrictive k2, 0/Q0. While this continues to be true, our
k2, 0/Q0 limit for the 6:4 is less restrictive (and thus more plausible)
than that derived by Meyer & Wisdom (2008). The explanation is
not that our treatment of the resonance is significantly different to
that of Meyer & Wisdom (2008), but rather that they were using
a higher Qp than we did, because they did not have access to the
astrometric results.

6 C O N C L U S I O N S A N D F U T U R E WO R K

We investigated the 3:2 e-Mimas and 6:4 mixed resonance as
possible causes of Mimas’s eccentricity. Both are capable of exciting
Mimas’s eccentricity to the required level without violating the
basin relaxation constraints, and both break spontaneously. We
prefer the 6:4 because it is encountered first, leading to avoidance
of the subsequent 3:2, and because it results in lower heating
rates. A scenario (Fig. 2) which yields an evolution time-scale
compatible with that expected from the resonance-locking scenario
(Fig. 1) yields a Mimas k2, 0/Q0 of roughly 4 × 10−6. This value is
compatible with likely internal structure models, but not with the
presence of a subsurface ocean.

The limits on the k2, 1/Q1 (of Enceladus) during resonance are
less restrictive (k2, 1/Q1 < ∼5 × 10−5) but still much lower than the
present-day value. This in turn suggests that Enceladus switched
from a low-dissipation to a high-dissipation state, a suggestion that
has some supporting geological evidence (Patterson et al. 2018).

Orbital resonance are complicated, and developing the analytical
machinery to describe them accurately is time consuming. Having

developed the machinery, there are several ways in which the work
presented in this manuscript could be expanded upon. One relatively
simple fix would be to include a time-variable Qp in our model,
rather than assuming a constant value, as done here (and in almost all
other papers). A second is to examine other resonances of interest,
such as the Mimas:Dione 3:1, using similar techniques. A more
demanding task would be to implement a coupled thermal-orbital
model, in the vein of Neveu & Rhoden (2019). Ultimately, solving
the riddle of Saturnian satellite evolution will require both high-
fidelity orbital models and full use of the available geological and
geophysical constraints.

REFERENCES

Allan R. R., 1969, AJ, 74, 497
Borderies N., Goldreich P., 1984, Celest. Mech., 32, 127
Castillo-Rogez J. C., Hemingway D., Rhoden A., Tobie G., McKinnon W.

B., 2018, Origin and Evolution of Saturn’s Mid-Sized Moons. University
of Arizona Press, Tucson, p. 285

Charnoz S. et al., 2011, Icarus, 216, 535
Coradini A., Magni G., Turrini D., 2010, Space Sci. Rev., 153, 411
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