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a b s t r a c t

Observations of Mercury’s spin rate do not rule out that, in addition to the forced 88-day mantle libration
induced by solar torques, a decadal timescale libration may also be present. It has been proposed that this
signal represents an amplified forced libration caused by the periodic 11.86 yr perturbation on Mercury’s
orbit by Jupiter. Here, we investigate the possibility that a decadal libration may be produced by a forcing
internal to the planet. Our mechanism is based on the presence of time-dependent zonal flows generated
by turbulent convection in Mercury’s fluid core. Through electromagnetic coupling, these flows entrain
longitudinal displacements of the inner core, which then entrain mantle librations by gravitational cou-
pling. We construct a simple model to capture this exchange of angular momentum. Although core zonal
flows are expected to have a broad frequency spectrum, we show that the resulting mantle libration is
dominated by the amplification that occurs at the period of the free decadal libration of the combined
mantle and inner core. Our results suggest that for plausible values of Mercury’s internal magnetic field,
if the inner core of Mercury is large (P1000 km), decadal mantle libration amplitudes of the order of
1 arcsec can be generated by zonal flows of the order of 1 km yr�1. Conversely, if future observations
can robustly determine an upper bound on the amplitude of Mercury’s decadal librations, our results
can be used as constraints on the convective dynamics in Mercury’s core.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Mercury’s rotation is in a tidally locked state in which it rotates
1.5 times around itself for each orbit around the Sun. This 3:2 spin–
orbit resonance leads to periodic solar gravitational torques acting
on Mercury’s equatorial elliptical figure, and to a libration in longi-
tude dominated by an 88-day periodicity, the orbital period. Libra-
tions are observed as slight deviations in the instantaneous spin
rate from the mean rotation rate. Using Earth-based radar data,
Margot et al. (2007, 2012) have shown that the amplitude of the
88-day forced libration is relatively large, 38.5 ± 1.6 arcsec, sug-
gesting that only the mantle participates in the libration rather
than the whole planet. This indicates a decoupling between the
core and mantle which requires the outermost part of the core to
be fluid. For the iron-rich core in such a small planet to have re-
mained partially molten to this day, the presence of a light-alloying
element such as sulfur is required in order to depress the melting
point of the metallic mixture (Schubert et al., 1988).

In addition to the 88-day forced libration, free librations may
also influence the rotational dynamics of Mercury. If Mercury’s
core is entirely fluid and decoupled from the mantle, only one such
mode exists: the free longitudinal libration of the mantle about the
Mercury–Sun line at the perihelion of Mercury’s orbit (Peale,

2005). In order to match the observed amplitude of the 88-day
libration, the period of this free mantle libration is predicted to
be 11.66 yr (Margot et al., 2012).

If a solid inner core is present, as is expected from planetary
cooling (Solomon, 1976), a longitudinal misalignment between
the elliptical figures of the mantle and inner core results in a grav-
itational restoring torque between the two. This leads to a modifi-
cation of the free mantle libration which now also involves the
inner core. When the inner core is larger than approximately
1000 km in radius, its moment of inertia is no longer negligible
with respect to the mantle, and this can lengthen the free man-
tle-inner core (MIC) libration period to 19 yr (Dumberry, 2011;
Van Hoolst et al., 2012). A second free libration exists, the out-
of-phase free gravitational oscillation between the mantle and
inner core. The period of this mantle-inner core gravitational
(MICG) mode sits close to the period of free gravitational oscilla-
tion in the absence of solar torques and can vary between 3 and
8 yr depending on model parameters (Dumberry, 2011; Van Hoolst
et al., 2012).

Since the presence of a large inner core disturbs the decadal
timescale libration dynamics, this opens the possibility of con-
straining the size of the inner core on the basis of long-period libra-
tion observations. The most recent analysis of libration
observations suggests that the amplitude of a long period libration
is likely smaller than 2 arcsec, as its addition does not significantly
improve the fit to observations (Margot et al., 2012). However, the
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currently available data only cover a time window of 10 yr; robust
conclusions on the amplitude (and period) of a long period libra-
tion must await future observations.

In the absence of an ongoing excitation mechanism, any free
librations are expected to be completely attenuated (Peale,
2005). However, if a forcing acts on a timescale close to the per-
iod of a free mode, resonant amplification can occur. One possi-
ble forcing mechanism is due to the periodic perturbations on
Mercury’s orbit by other planets. Notably, Jupiter, with an orbital
period of 11.86 yr, can lead to a forced libration amplitude in ex-
cess of 40 arcsec due to its proximity to the free mantle libration
(Peale et al., 2009; Yseboodt et al., 2010). However, such calcu-
lations do not include an inner core: since a large inner core dis-
places the free libration period further away from Jupiter’s
orbital period, the amplitude of this 11.86 yr libration may be
much smaller.

In this work, we investigate whether a long-period libration
may instead result from an internal forcing. The basic scenario
we propose is based on the presence of time-dependent, axi-
ally-symmetric, longitudinal flows (zonal flows) in Mercury’s
fluid core. Zonal flows are naturally produced by turbulent rotat-
ing convection in spherical shell geometries, for both thermal
(Christensen, 2002) and magnetohydrodynamic convection
(Aubert, 2005). The fluctuating nature of turbulent convection
results in temporal variations in the force balance underlying
the zonal flows and thus, in their time-dependency (Aubert,
2005). The most likely explanation for Mercury’s global, mainly
dipolar magnetic field (Anderson et al., 2011) is that it is gener-
ated and maintained by convective motion in its fluid core, so
time-dependent zonal flows are expected to be present. Indeed,
numerical dynamo experiments directly aimed at explaining
Mercury’s magnetic field all contain zonal flows (Stanley et al.,
2005; Christensen, 2006; Vilim et al., 2010).

Although their precise characteristics depend on factors such as
inner core size, buoyancy forcing and the amplitude of the internal
magnetic field, time-dependent zonal flows in Mercury’s fluid core
will affect its angular momentum dynamics. Through electromag-
netic (EM) coupling, these flows should entrain longitudinal dis-
placements of the inner core (Gubbins, 1981). The latter will
then entrain mantle librations by gravitational coupling (Buffett,
1996). We expect that when the timescale of zonal flow fluctua-
tions is close to the period of a free mode of libration, amplification
by resonance will occur. Our goal is to establish the conditions for
such a mechanism to generate a mantle libration of observable
amplitude. Conversely, if future observations can place a robust
upper bound on the amplitude of decadal librations, our results
can be used as constraints on the amplitude of zonal flows in Mer-
cury’s core.

2. Theory

2.1. Long-period libration dynamics

The libration of Mercury’s mantle cm is defined as the longitudi-
nal angle which separates its axis of minimum moment of inertia
from its angle had Mercury been rotating uniformly about its spin
axis. The libration of the inner core cs is defined similarly. Peale
et al. (2002) presented the equations that govern the combined
libration of Mercury’s mantle and solid inner core. Here, we focus
on the long-period librations, for which the short-period (688 day)
fluctuations are averaged out. In other words, we only consider the
mean solar gravitational torque over one orbit (Peale et al., 2009).
In this situation, and when only gravitational forces are included,
the coupled differential equations that govern the libration of the
mantle and inner core are (Dumberry, 2011)

d2cm

dt2 ¼ �3n2G201ðDIm þ DIf Þcm �
2C
Cm
ðcm � csÞ; ð1Þ

d2cs

dt2 ¼ �3n2G201aDIscs þ
2C
Cs
ðcm � csÞ: ð2Þ

The first terms on the right-hand sides of each of Eqs. (1) and (2)
capture the effects of the mean solar gravitational torque, while
the second terms embody the gravitational torque between the
asymmetric mantle and solid inner core. Further details on the der-
ivations of the above equations are given in Peale et al. (2002, 2009),
Dumberry (2011) and Van Hoolst et al. (2012).

DIm, DIs and DIf in Eqs. (1) and (2) represent ratios of the prin-
cipal moments of inertia (A < B < C) of the mantle (subscript m), in-
ner core (subscript s), and of a body with the same shape as the
core-mantle boundary (CMB) and uniform density equal to that
of the fluid just under the CMB (subscript f). They are defined as

DIm ¼
Bm � Am

Cm
; DIf ¼

Bf � Af

Cm
; DIs ¼

Bs � As

Cs
: ð3Þ

Here, we follow the approach of Veasey and Dumberry (2011);
Dumberry (2011) and Van Hoolst et al. (2012) and consider a
three-layer model of Mercury, where the inner core (radius rs), out-
er core (outer radius rf), and mantle (outer radius rm) each have uni-
form densities of qs, qf and qm, respectively. All asymmetrical
densities are modelled in terms of the equatorial ellipticities of
the external surface �m, the CMB �f, and the inner-core boundary
(ICB) �s. In such a model,

DIm ¼
�m � �f gf

1� gf
; ð4Þ

DIf ¼ �f gf

qf

qm

1
1� gf

; ð5Þ

DIs ¼ �s; ð6Þ

where

gf ¼
rf

rm

� �5

: ð7Þ

We note that the term DIf had been omitted in the studies of Veasey
and Dumberry (2011) and Dumberry (2011). Its presence is neces-
sary to account for the pressure torque by the fluid on the underside
of the CMB (Van Hoolst et al., 2012).

The other parameters that enter Eqs. (1) and (2), n, G201, and a
are defined as:

n2 ¼ GM�

a3 ; G201 ¼
7
2

e� 123
16

e3
� �

; a ¼ 1�
qf

qs

� �
; ð8Þ

where n is the mean orbital frequency, a is the semi-major axis of
the orbit, e is the orbital ellipticity, G is the gravitational constant,
and M� the solar mass. The constant of gravitational coupling be-
tween the mantle and inner core, C, is expressed by

C ¼ 4pG
5

aCs�s½ðqf � qmÞ�f þ qm�m�: ð9Þ

Interior models of Mercury are constructed by assuming a man-
tle density (qm) and sulfur concentration vin

S

� �
of the initially en-

tirely fluid core. Once an inner core radius is specified, we
determine the equatorial ellipticities such that they are consistent
with observations of C22 = (0.81 ± 0.01) � 10�5 (unnormalized va-
lue of Smith et al. (2012)). �s is determined in terms of �m and �f by
assuming that the ICB is at hydrostatic equilibrium (Veasey and
Dumberry, 2011). We follow Van Hoolst et al. (2012) and further
assume that �m = �f, which allows us to find a unique value of �m
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