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Abstract Recent MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
measurements have shown that Mercury’s magnetic field is axial-dominant, yet strongly asymmetric with
respect to the equator: the field strength in the Northern Hemisphere is approximately 3 times stronger than
that in the Southern Hemisphere. Here we show that convective dynamo models driven by volumetric
buoyancy with north-south symmetric thermal boundaries are capable of generating quasi-steady
north-south asymmetric magnetic fields similar to Mercury’s. This symmetry breaking is promoted and
stabilized when the core-mantle boundary heat flux is higher at the equator than at high latitudes. The
equatorially asymmetric magnetic field generation in our dynamo models corresponds to equatorially
asymmetric kinetic helicity, which results from mutual excitation of two different modes of columnar
convection. Our dynamo model can be tested by future assessment of Mercury’s magnetic field from
MESSENGER and BepiColombo as well as through investigations on Mercury’s lower mantle temperature
heterogeneity and buoyancy forcing in Mercury’s core.

1. Introduction

Among the eight solar system planets, six have large-scale intrinsic magnetic fields. These large-scale mag-
netic fields can be classified into three groups in terms of morphology. The first group is axial-dominant,
dipolar, and equatorially symmetric and includes the fields of Earth, Jupiter, and Saturn [Finlay et al., 2010;
Connerney, 1993; Yu et al., 2010; Cao et al., 2011, 2012]; the second group is nonaxial and multipolar and
includes the fields of Uranus and Neptune [Connerney, 1993]; a newly recognized group is axial-dominant,
dipolar, and equatorially asymmetric and is exemplified by the field of Mercury [Anderson et al., 2011, 2012;
Winslow et al., 2014]. MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) mag-
netometer measurements unambiguously determined northward displacements of the magnetic equator
by 0.2 Mercury radii (where 1 Mercury radius is 2440 km) both near the planet and in the distant magne-
totail [Anderson et al., 2011, 2012]. This offset of the magnetic equator indicates a strong axial quadrupole
component that amounts to 40% of the axial dipole on the surface of the planet and the field strength in
the Northern Hemisphere being 3 times that in the Southern Hemisphere (Figure 1a). MESSENGER also con-
firmed that Mercury’s field is relatively weak with a surface field strength that is only 1% of that of the Earth
[Anderson et al., 2011, 2012]. Several distinct dynamo models with different ingredients have been proposed
for Mercury [Heimpel et al., 2005; Stanley et al., 2005; Christensen, 2006; Wicht et al., 2007; Vilim et al., 2010;
Manglik et al., 2010; Heyner et al., 2011; Schubert and Soderlund, 2011]. The major effort of these models
is to reproduce the weak intensity of Mercury’s observed magnetic field. However, none of these models
generate a quasi-stationary and axial-dominant, yet equatorially asymmetric, magnetic field.

Mercury’s iron core is relatively large, occupying the inner 85% of the planet’s radius, leaving only the out-
ermost 15% of the planet’s radius for the silicate mantle [Smith et al., 2012; Hauck et al., 2013]. The iron
core is at least partially liquid [Margot et al., 2007], but the size of a solid inner part is highly uncertain
[Dumberry, 2011; Hauck et al., 2013]. Recent structural and thermal evolution models, however, suggest
that a relatively small inner core is more probable [Hauck et al., 2013; Tosi et al., 2013]. The low iron and
high sulfur abundance at Mercury’s surface as observed by MESSENGER’s X-Ray Spectrometer [Nittler et al.,
2011] and Gamma Ray Spectrometer [Evans et al., 2012] is consistent with Mercury forming from highly
reduced components [Zolotov et al., 2013]. This redox state would have favored the partitioning of silicon,

CAO ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2014GL060196


Geophysical Research Letters 10.1002/2014GL060196

1 2 3 4 5 6 7 8 9 10 11 12 13 1410−2

10−1

100

101

Spherical Harmonic Degree 

M
ag

ne
tic

 P
ow

er
 a

t C
M

B

1 2 3 4 5 6 7 8 9 10 11 12 13 1410−2

10−1

100

101

Spherical Harmonic Degree

M
ag

ne
tic

 P
ow

er
 a

t C
M

B

1 2 3 4 5 6 7 8 9 10 11 12 13 1410−2

10−1

100

101

Spherical Harmonic Degree 

M
ag

ne
tic

 P
ow

er
 a

t C
M

B

1

2

3

4

5

6

Mercury Case I Case II

1

2

3

4

5

6

1

2

3

4

5

6a)

b)

c) e)

d) f)

Figure 1. Magnetic field intensity maps and magnetic power spectra of Mercury and our numerical dynamo cases I and II. (a, c, e) Magnetic field intensity maps
up to degree and order 3 at the core-mantle boundary (CMB) of Mercury and our numerical dynamo models, respectively. (b, d, f ) The corresponding magnetic
power spectra up to degree 14. Observed and simulated magnetic fields are nondimensionalized such that the dipole moments equal to 1. The amplitude of the
magnetic power spectrum at a given degree n and radius r outside the dynamo region is defined as An =

∑n
m=0(n + 1)(Rp∕r)(2n+4)[(gm

n )2 + (hm
n )2], where Rp is

the radius of the planet, gm
n and hm

n are Gauss coefficients of degree n and order m at the planet surface. In Figures 1b, 1d, and 1f, blue lines show the mean value
while red dashed lines show the 1σ error bar. Magnetic moments of degree and order greater than 3 for Mercury are not determinable from available observations
yet; thus, only upper limits are shown. This data-model comparison demonstrates the capability of our dynamo models to reproduce the observed north-south
asymmetry, dipole-quadrupole dominance, and axisymmetry of Mercury’s magnetic field.

and possibly sulfur, into Mercury’s iron core during core-mantle differentiation [Malavergne et al., 2010].
Thus, Mercury’s core is likely a Fe-S-Si ternary system rather than a Fe-S system such as the Earth’s core. In
addition to the possible (double) iron snow scenario in a Fe-S system [Chen et al., 2008] and the classical
Earth-like bottom-up inner core growth scenario, the additional complexity in composition can lead to more
possibilities of buoyancy forcing modes for Mercury’s core dynamo [Sanloup and Fei, 2004; Morard and
Katsura, 2010].

Dynamo action in the cores of terrestrial planets are controlled by the overlying mantles in two primary
ways: heat escape from the core is limited by the maximum heat transfer efficiency of the mantle, and lower
mantle temperature variations prescribe the spatial heat flow heterogeneity at the core-mantle bound-
ary (CMB). A north-south asymmetric lower mantle temperature field can naturally lead to a north-south
asymmetric magnetic field [Stanley et al., 2008; Aurnou and Aubert, 2011; Dietrich and Wicht, 2013]. Such a
north-south asymmetric lower mantle temperature heterogeneity seems to be an option for Mars [Harder
and Christensen, 1996; Roberts and Zhong, 2006] but is unlikely for Mercury. Neither the phase transition
nor the substantial viscosity jump evoked to explain a large-scale mantle convection pattern in Mars is
likely to exist in Mercury’s thin mantle. Considering exogenic origin, Roberts and Barnouin [2012] found that
the effect on the lower mantle temperature fields from a giant impact similar to the Caloris impact, which
formed the largest known impact basin on Mercury, has a characteristic decay time of ∼ 30 Myr. This decay
time is significantly shorter than the time span between the present and the late heavy bombardment. Thus,
any exogenic origin of lower mantle temperature heterogeneity is unlikely to persist to present.

With no evidence for a north-south asymmetry in Mercury’s mantle, we pose the following questions. (1) In a
planetary dynamo model with equatorially symmetric thermal boundary conditions, can a quasi-stationary
Mercury-like magnetic field (axial-dominant, dipolar, and equatorially asymmetric) be generated? (2) What
are the mechanisms and conditions necessary for driving such dynamos? In general, symmetry breakings in
fluid dynamical systems are well known [cf. Crawford and Knobloch, 1991]. Here we are seeking equatorial
symmetry breakings in the planetary dynamo realm. In section 2, we present the numerical setup of our
planetary dynamo model. In section 3, we present the magnetic fields and flow dynamics in the dynamo
models. Finally, we discuss the implications of our results and compare our findings to previously published
hemispherical dynamo models.
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Table 1. Nondimensional Parameters, Buoyancy Forcing, CMB Heat Flow, Equatorial Symmetry of the
Magnetic Fields, and Stability of Eight Selected Numerical Dynamo Casesa

Ra Pm Buoyancy Forcing CMB Heat Flow Equatorial Symmetry Stability

Case I 3 × 107 3 VB Homogeneous Asym Bistable
Case II 4 × 107 0.5 VB −Y0

2 , 25% Asym Stable

Case III 4 × 107 2 BD Homogeneous Sym Stable
Case IV 4 × 107 2 BD −Y0

2 , 25% Sym Stable

Case V 4 × 107 2 VB Homogeneous Sym Stable
Case VI 4 × 107 2 VB +Y0

2 , 25% Sym Stable

Case VII 4 × 107 2 VB −Y0
4 , 25% Asym Stable

Case VIII 4 × 107 2 VB +Y0
4 , 25% Sym Stable

aDefinitions of the nondimensional parameters can be found in the supporting information. In all
eight cases, E = 1 × 10−4, Pr = 1, and 𝜉 = 0.2. For buoyancy forcing, VB represents volumetric buoyancy
in which buoyancy sources are distributed within the entire volume, while BD represents bottom driven
in which buoyancy sources are concentrated near the inner boundary.

2. Numerical Dynamo Model

We perform a series of numerical dynamo calculations to explore the role of buoyancy forcing and lower
mantle temperature heterogeneity on the core dynamo of Mercury. The numerical dynamo code MagIC
[Wicht, 2002; Christensen and Wicht, 2007] version 3.44 is employed to conduct the numerical experiments in
this study. A codensity approach [Braginsky and Roberts, 1995; Wicht and Tilgner, 2010] is adopted to model
thermal-chemical convection in Mercury’s liquid core. The nondimensionalized MHD dynamo equations
and the numerical setup can be found in the supporting information. Table 1 lists the nondimensional
parameters of the simulations presented in this paper.

To capture the range of possible buoyancy forcing modes within Mercury’s core, two end-member mod-
els are considered: the first is volumetric buoyancy (VB) in which buoyancy sources are distributed within
the entire volume, and the second is bottom driven (BD) in which buoyancy sources are concentrated
near the inner boundary. Codensity flux conditions are applied at both the inner core boundary (ICB) and
core-mantle boundary (CMB) and are calculated differently for volumetric buoyancy cases and bottom
driven cases. For volumetric buoyancy cases with uniform buoyancy source 𝜖, the CMB codensity flux QCMB

equals 4
3
𝜋ro

3𝜖 and the ICB codensity flux QICB equals 4
3
𝜋ri

3𝜖, where ro and ri are the outer and inner core
radii, respectively. The net heat loss from the outer core is balanced by the buoyancy production in the vol-
ume: QCMB−QICB = 4

3
𝜋
(

r3
o − r3

i

)
𝜖. QICB is chosen to reflect a homogeneous cooling of the planet. For bottom

driven cases, 𝜖 = 0 and QCMB = QICB.

To explore the influence of Mercury’s lower mantle temperature heterogeneity on the core dynamo, het-
erogeneous CMB heat flow patterns that maintain equatorial symmetry are applied in our numerical
experiments in addition to a homogeneous CMB heat flow pattern. The heterogeneity of the CMB heat flow
is characterized by q∗ = (qmax−qmin)

2qmean
where qmax, qmin, and qmean stand for the maximum, minimum, and mean

CMB heat flow intensity, respectively. Two different groups of CMB heat flows have been applied: the first
group features excess equatorial heat flows while the second group features depleted equatorial heat flows.
For each group, both spherical harmonic degree-2 and degree-4 variations have been applied as shown in
Figure S1 in the supporting information.

3. Magnetic Fields and Flow Dynamics in Our Dynamo Models

Figure 1 compares MESSENGER observations of Mercury’s magnetic field with two of our numerical dynamo
cases powered by volumetric buoyancy. Homogeneous CMB heat flow is applied in case I, while 25%
degree-2 excess equatorial CMB heat flow is applied in case II. The magnetic field intensity maps and
the magnetic power spectra are shown on the surface of the dynamo region for both observations and
simulations. In the observations and two simulation cases presented in Figure 1, the magnetic fields are axi-
ally aligned with significant north-south asymmetry; the magnetic power spectra are dipole-quadrupole
dominant with little contributions from other harmonic degrees. Figure 2 shows the stability and axisym-
metry of the magnetic fields in case II: the magnetic equator offset reaches a quasi-steady state within
one magnetic diffusion time and stays stable for the rest of the simulation; contributions from the
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Figure 2. Stability and axisymmetry of the asymmetric magnetic fields in our numerical dynamo case II. (top) The stabil-
ity of the solution. After the initial transit behavior, the magnetic field is nonreversing for over four magnetic diffusion
times and the offset of the magnetic equator is nearly constant (0.26 ± 0.03 RP with the dynamo surface assumed to be
at 0.85 RP) between t = 1 and 4.45 magnetic diffusion times. One magnetic diffusion time for Mercury is on the order
of 10, 000 Earth years. (bottom) The axisymmetry of the dynamo solution. The relative strength of the nonaxisymmetric
magnetic moments remains within 10% from t = 1 to 4.45 magnetic diffusion times.

nonaxisymmetric magnetic moments remain within 10% once the steady state is reached. Our numerical
modeling results demonstrate that planetary dynamo systems with equatorially symmetric thermal bound-
aries are capable of reproducing the observed equatorial symmetry breaking of Mercury’s magnetic field
and that quasi-steady solutions can be maintained. The equatorial symmetry breaking in our dynamo model
has no a priori preference of north or south; however, stronger magnetic fields remain in one hemisphere
(e.g., north) once that particular symmetry breaking is established.

Table 1 summarizes selected numerical dynamo cases with different buoyancy forcing and CMB heat
flow patterns. The setups of the two cases presented in Figure 1 are representative of those producing
quasi-stationary Mercury-like magnetic fields: volumetric buoyancy is a key ingredient for the equatorial
symmetry breaking, while local equatorial excess CMB heat flows help to promote and stabilize such solu-
tions. In our numerical studies, solutions featuring equatorially asymmetric magnetic fields emerge with
homogeneous CMB heat flows (e.g., case I). However, equatorially asymmetric magnetic fields with homoge-
neous CMB heat flows are typically highly time dependent and have strong nonaxisymmetric contributions.
We found that applying local equatorial excess CMB heat flow (e.g., cases II and VII) not only promotes but
also stabilizes such equatorial symmetry breaking (e.g., Figure 2). In contrast, local-depleted CMB heat flow
near the equator (e.g., cases VI and VIII) suppresses quasi-steady equatorial symmetry breakings in general.
It is also important to emphasize that volumetric buoyancy does not guarantee equatorial symmetry break-
ing, since such symmetry breaking occurs only at intermediate Rayleigh number. With volumetric buoyancy,
we find that Earth-like magnetic fields can be reached at low Rayleigh numbers while Uranus-Neptune-like
magnetic fields can be reached at high Rayleigh numbers. In bottom driven cases with equatorially sym-
metric thermal boundaries (e.g., cases III and IV), no quasi-steady equatorial symmetry breaking has
been identified.

The flow fields that generate the equatorially asymmetric magnetic field in case II are shown, via
three-dimensional renderings, in Figure 3. Figure 3a displays the velocity component UZ that is parallel
to the spin axis. There is a significant equatorial asymmetry in the z component of the velocity field, with
stronger UZ in the Northern Hemisphere than in the Southern Hemisphere. Figure 3b displays 𝜔Z , the z
component of the flow vorticity defined as 𝜔Z = (∇⃗ × U⃗)Z . Less significant equatorial asymmetry exists in
the z vorticity. The combination of z vorticity and z velocity plays an important role in the dynamo process
[cf. Moffatt, 1978; Krause and Rädler, 1980; Jones, 2011]. Kinetic helicity, defined as H = U⃗ ⋅ (∇⃗ × U⃗), has been
frequently used to quantify this effect. Figure 3c shows the axial helicity, HZ = UZ ⋅ (∇⃗ × U⃗)Z , which is much
stronger in the Northern than in the Southern Hemisphere owing mostly to the strong asymmetry in the z
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a) b) c)

Z-Velocity Z-Vorticity Z-Helicity

Figure 3. Flow structures in our dynamo case II. The z components of (a) velocity, (b) vorticity, and (c) helicity are shown
via three-dimensional rendering with red (blue) colors corresponding to positive (negative) values in each quantity. It
can be seen that the z velocity displays significant hemispherical asymmetry, while the z vorticity shows less significant
hemispherical asymmetry. The combination of the two leads to the difference in helicity between the Northern and
Southern Hemispheres (root-mean-square axial helicity in the Northern Hemisphere is about twice that in the Southern
Hemisphere). Boundary layers have been excluded in all renderings and calculations of velocity, vorticity, and helicity.

component of the flow. This explains why the magnetic field is much stronger in the Northern than in the
Southern Hemisphere. The ability to create flows with different kinetic helicity amplitudes in the two hemi-
spheres while maintaining similar heat transfer efficiencies is the key to generating asymmetric magnetic
fields with symmetric thermal boundaries. Zonal flow and zonal magnetic fields in case II are compared to
those in case V in Figure S2 in the supporting information.

Equatorially symmetric and antisymmetric convective modes form two distinct solution families in rapidly
rotating spheres or spherical shells. Both modes are organized as relatively small scale cylindrical columns
aligned parallel to the spin axis (e.g., Figure 3). The one with equatorially mirror-symmetric UZ is referred
to as the even mode [Busse, 1970] and the one with equatorially antisymmetric UZ is referred to as the odd
mode [Roberts, 1968] as sketched in Figure 4. The nonaxisymmetric even mode is most unstable, regardless
of how the buoyancy sources are distributed and are the classical convective columns [Busse, 1970; Jones
et al., 2009]. The nonaxisymmetric odd mode has been predicted to also exist given modest forcing [Jones
et al., 2009; Calkins et al., 2013] but has not been reported in previous self-consistent three-dimensional
dynamo simulations (cf. only the axisymmetric odd mode has been clearly identified and reported by
Landeau and Aubert [2011]). Linear superposition of even and odd modes will naturally give rise to
asymmetric UZ , 𝜔Z , and HZ in the north and south as illustrated in Figure 4, which can serve as the first-order

Even mode Odd mode

a) b) c)

Figure 4. Sketches of the two dominant modes of columnar convection
that arise in rapidly rotating spheres and spherical shells. (a) The nonax-
isymmetric even mode [Busse, 1970], (b) the nonaxisymmetric odd mode
[Roberts, 1968], and (c) the linear superposition of the two modes. In this
illustration, thin black arrows represent z flow, red (blue) color blocks rep-
resent positive (negative) z-vorticity, thin black dashed lines represent
the equator, and the red arrow represents the planetary spin axis.

physical model for the flow structures
in our hemispherical dynamo mod-
els. Volumetric buoyancy and local
equatorial excess CMB heat flow seem
to lower the critical Rayleigh number
for the onset of the nonaxisymmetric
odd mode and/or to promote a similar
azimuthal wave number for the non-
axisymmetric even and odd modes via
nonlinear interaction.

When measured using the conven-
tionally defined Elsasser number, the
mean CMB magnetic field strength in
our dynamo cases I and II are as weak
as 3 × 10−2. The Elsasser number is
defined here as Λ = 𝜎B2

𝜌Ω
, where 𝜎 is

the electrical conductivity of the outer
core, B is the magnetic field strength,
𝜌 is the fluid density of the outer core,
and Ω is the rotation rate of the mantle
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[Chandrasekhar, 1961; Christensen, 2010; Soderlund et al., 2012]. The field is much weaker than in typical
dynamo solutions with Elsasser number of order unity and is thus closer to Mercury’s anomalously weak
field. Importantly, any additional effect such as electromagnetic filtering [Christensen, 2006] by a solid or sta-
bly stratified Fe-S layer at the top of the dynamo region or solar wind feedback [Heyner et al., 2011] will likely
further lower the simulated magnetic field strength.

4. Summary and Discussion

Hemispherical dynamo models have been studied in different contexts, with application to the Sun
[Grote and Busse, 2000] and Mars [Stanley et al., 2008; Landeau and Aubert, 2011; Dietrich and Wicht, 2013].
Stanley et al. [2008] and Dietrich and Wicht [2013] both employed a degree-1 north-south asymmetric CMB
heat flow heterogeneity and thus are unlikely to be applicable to Mercury. The magnetic fields in Grote
and Busse [2000] typically feature chaotic time dependence and contain substantial contributions from the
nonaxisymmetric components, reducing the applicability to Mercury. Landeau and Aubert [2011] explored
homogeneous CMB heat flows only and interpret the symmetry breaking in their results as a result of
the axisymmetric odd mode. Based on the information provided in Landeau and Aubert [2011], it is diffi-
cult to assess whether the equatorially asymmetric magnetic field in their dynamo models is stable and
axisymmetric, given our finding that such stable solutions are extremely rare with homogeneous CMB
heat flows.

We have shown that quasi-stationary Mercury-like magnetic fields (axial-dominant, dipolar, and equato-
rially asymmetric) can be generated even with equatorially symmetric thermal boundary conditions. The
equatorial symmetry breaking in the dynamo-generated magnetic fields reflects the asymmetric kinetic
helicity resulting from mutual excitation of two fundamental modes of columnar convection in rapidly rotat-
ing spherical shells. The ingredients to promote such symmetry breaking include volumetric buoyancy and
local excess equatorial CMB heat flow. This implies that, unlike the Earth’s dynamo which is mainly powered
by light element expulsion and latent heat release associated with inner core growth, Mercury’s dynamo is
likely powered by uniformly distributed buoyancy sources within the liquid core. The different driving mode
could be explained by the additional complexities of the Fe-S-Si system under the pressure and temperature
of Mercury’s core. Even in a Fe-S core, the (double) iron snow scenario [Chen et al., 2008] and the exsolution
of light elements [Stevenson, 1983] can provide forcing scenarios comparable to volumetrically distributed
buoyancy sources. Insight into the buoyancy forcing within Mercury’s core will come from future labora-
tory and numerical investigations in the equation of state of the Fe-S-Si system. As to the CMB heat flow
pattern, our dynamo model favors local excess heat flow out of Mercury’s core near the equator. Whether
such a pattern exists at the CMB of Mercury can be tested with 3-D mantle convection models constrained
by MESSENGER observations. As to the inner core size, we have tested different inner core sizes with rICB

rCMB
that range from 0.2 to 0.75. Given that volumetric buoyancy is the driving mode and local excess equato-
rial CMB heat flow is applied, equatorial symmetry breaking occurs with all inner core sizes tested. However,
quasi-steady dipole-quadrupole dominant solutions have only been reached with rICB

rCMB
smaller than 0.50.

Thus, our dynamo model favors a small inner core inside Mercury, consistent with recent structural and evo-
lution models [Hauck et al., 2013; Tosi et al., 2013; Grott et al., 2011]. Gravity, topography, temperature, and
heat flow measurements from future missions (e.g., BepiColombo) will further advance our understanding
of Mercury’s mantle and core and can be used to test the predictions of our dynamo models.
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In March 2011, nearly seven years after
its launch, NASA’s MESSENGER
probe became the first manmade ob-

ject to orbit Mercury, where it began a
detailed survey of the planet’s geochem-
istry, topography, and space environ-
ment. (See the article by Sean Solomon,
PHYSICS TODAY, January 2011, page 50.)
Within a few months, the spacecraft de-
livered a surprise: Mercury’s magnetic
field is top heavy—three times as strong
at the north pole as it is at the south pole.1

Of the planets in our solar system
that possess a global, dipolar magnetic
field, only Mercury exhibits the north–
south asymmetry. The finding is all the
more puzzling because by most every
other measure, including gravitational
field strength and surface temperature,
Mercury’s northern and southern halves
are essentially identical. Now, with 
new insights from simulations of the
planet’s dynamo—the turbulent, mag-
netic-field-inducing flow of molten ma-
terial in the planet’s core—Hao Cao,

Christopher Russell (both at UCLA), and
coworkers think they’ve uncovered the
recipe for the symmetry breaking that
gave Mercury its unique magnetic field.2

Uncommon core
Planetary dynamos feed on motion. As
molten metal churns in the core, it
stretches and bends existing magnetic
field lines, thereby inducing additional
magnetic field. If the motion were to
stop, the planet’s field would decay and
vanish. (See the article by Daniel Lath-
rop and Cary Forest, PHYSICS TODAY,
July 2011, page 40.)

In Earth’s dynamo, core flows are
thought to be sustained partly with en-
ergy supplied by phase changes at the
interface between the solid inner core
and the fluid outer core (see figure 1a).
As the planet cools, the inner core
grows; it incorporates iron and other
heavy elements from the outer core 
and leaves behind a fluid rich in low-
density elements such as sulfur. That

Simulations suggest that the planet’s top-heavy magnetic field 
derives from the unusual chemistry of its core.

a b

Mantle Mantle
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core
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Figure 1. Planetary dy-
namos are driven in part
by convective circulation
resulting from phase
changes in the planet’s 
interior. (a) In Earth, for 
example, light elements
(purple arrows) are 
expelled into the molten
outer core as the solid
inner core grows. Those
light elements stir the core
as they rise to the mantle.
(b) In Mercury, light ele-
ments (purple arrows) and
heavy solids (green arrows)
can also originate in local-
ized regions of precipita-
tion known as snow zones.
(Adapted from ref. 3.)
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hot, buoyant fluid rises to the overlying
mantle and generates the convective
motion that powers the dynamo. (See
the article by Peter Olson, PHYSICS
TODAY, November 2013, page 30.)

Traditionally, Mercury’s dynamo has
been assumed to operate in similar
fashion. But there are reasons to suspect
that convective forcing in Mercury’s
core may be significantly more complex
than it is in Earth’s. For starters, Mer-
cury’s core is thought to contain a much
higher concentration of light elements;
their depression of the core’s freezing
point is currently the only viable ex -
planation for why the relatively small
core hasn’t already frozen completely
solid. (See PHYSICS TODAY, July 2007,
page 22.)

In 2008 Bin Chen, Jie Li (both then at
the University of Illinois at Urbana-
Champaign), and Steven Hauck II (Case
Western Reserve University, Cleveland,
Ohio) showed that when molten iron
contains a sufficiently large admixture
of sulfur and is compressed to Mercury-
like pressures, iron can spontaneously
precipitate—even when there’s no
solid–liquid interface to seed the phase
change.3 They predicted that precipita-
tion could potentially occur in two 
layers, so-called snow zones, inside
Mercury’s core. Sources of heavy pre-
cipitates and buoyant light elements,
the snow zones (depicted in figure 1b)
would further stir the dynamo.

Newer assessments of Mercury’s
geochemistry hint at still more compli-
cated forcing patterns. Spectroscopic
measurements indicate that Mercury’s
silicate surface is poor in iron and rich
in sulfur, which suggests that the planet
formed under highly reducing chemi-
cal conditions. Laboratory experiments
mimicking those conditions demon-
strate that Mercury’s core likely ac-
quired substantial admixtures of both
sulfur and silicon as it formed. If so, the
liquid part of the core could consist of
two immiscible layers—an iron–sulfur
phase and an iron–silicon phase—each
of which could spawn snow zones and
potentially give rise to other exotic
phase behavior.

To see how different forcing patterns
influence dynamo-generated magnetic
fields, Cao and his coworkers teamed
with a numerical modelling group led
by Johannes Wicht (Max Planck Insti-
tute for Solar System Research, Göttin-
gen, Germany). The researchers didn’t
attempt to simulate every possible sce-
nario, just two extreme cases: An Earth-
like scenario in which the dynamo is
stirred from below and a so-called vol-

implants that require only intermittent
power. Those can include devices to
stimulate nerve-cell clusters called gan-
glia to relieve pain (their first human
trial will be on ganglion stimulation)
and sensors to monitor various biolog-
ical functions. Miniature pacemakers
are a possibility, too, though they’d
need to include an onboard recharge-
able battery. But because that battery

need only carry enough power to last
weeks, rather than years, it can be made
small.

Johanna Miller
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umetric buoyancy scenario, which sim-
ulates a fully pervasive iron snow.
Whereas the Earth-like forcing always
yielded a symmetric magnetic field,
volumetric buoyancy consistently gave
rise to asymmetries similar to that ob-
served for Mercury. 

“It’s somewhat counterintuitive, be-
cause all of the boundary conditions are
symmetric; we don’t know a priori if the
system will be stronger in the north or
in the south,” says Cao. “But once the
system chooses a hemisphere, it stays in
that state. It’s a classic example of spon-
taneous symmetry breaking.”

Odds and evens
Planetary dynamos are generally thought
to be organized into helical flows along
columns aligned parallel to the spin (z)
axis. In a typical dynamo, such as Earth’s,
the flows in neighboring columns are
alternately directed toward and away
from the equator, as depicted schemat-
ically at the left of figure 2a. (Straight
black arrows indicate the axial veloc -
ity; curved arrows indicate vorticity, a
measure of the fluid’s spinning motion.)
In mathematical parlance, the flow con-
figuration is known as an even mode,
since the flows in the northern hemi-
sphere mirror those in the south. 

Fluid mechanical theory predicts
that under strong forcing, dynamos can
also host an odd mode, in which fluid
travels through the equator, reversing
vorticity along the way. Cao and com-
pany noticed that although the odd
mode itself does not distinguish be-
tween northern and southern hemi-
spheres, its superposition with the even
mode does. That superposition pro-
vides a possible route to magnetic-field
asymmetry. Although the precise struc-
ture of the magnetic field depends on
complex interactions between the
three-dimensional flow and preexisting

field lines, the field strength correlates
roughly with helicity, the dot product of
velocity and vorticity. When the odd
and even modes overlap, their super -
position enhances helicity in one hemi-
sphere and diminishes it in the other.
Indeed, that theoretical picture is con-
sistent with helicity profiles obtained in
the team’s dynamo simulations, as
shown in figure 2b. 

The researchers aren’t the first to see
symmetry breaking in dynamo simula-
tions. Three years ago, Maylis Landeau
and Julien Aubert (both then at the Uni-
versity of Paris Diderot) reported a sim-
ilar magnetic asymmetry in simulations
of the ancient Martian dynamo.4 Lan-
deau and Aubert, however, specifically
considered the case of a planet with an
all-fluid core; the asymmetry resulted
from a particular flow mode in which
fluid passes through the center of the
planet as it travels between poles. Such
a mode is plausible for early Mars but
not for planets that, like Mercury, have
sizeable solid inner cores.

At first glance, the mechanism that
Cao and company propose for Mer-
cury’s symmetry breaking seems to
contradict previous theoretical studies
that predict that the dynamo’s colum-
nar flow structure should destabilize be-
fore convective forcing becomes strong
enough to excite the odd mode. But
those studies assume Earth-like forcing,
notes Jonathan Aurnou (UCLA), co -
author of the new paper. “The volumetric
buoyancy essentially acts to keep the
columns stable.”

Another facet of the team’s model
may have been central to symmetry
breaking. The researchers tried impos-
ing a variety of boundary conditions for
the core’s outer edge, including the cus-
tomary uniform heat-flux condition
and less traditional scenarios in which
heat escapes faster near the equator

a b
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mode

z

Inner
core

Figure 2. Symmetry breaking in dynamos. (a) Interactions between even and odd
flow modes in a planetary dynamo tend to enhance flow in one hemisphere and 
diminish it in the other. (Straight black arrows indicate the velocity component in the
direction z of the spin axis; curved arrows indicate vorticity.) (b) In a dynamo simula-
tion, the interactions between modes manifest as an asymmetry in helicity—a meas-
ure of the flow’s combined velocity and vorticity. (In both panels, red and blue 
denote regions of positive and negative vorticity, respectively.) (Adapted from ref. 2.)
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Diblock copolymers—made up of
a chain of monomer A bound to
a chain of monomer B, as shown

in figure 1a—are of great theoretical and
practical interest. When the A and B
monomers are sufficiently immiscible,
they can segregate into self-assembled
periodic nanostructures such as alter-
nating layers or hexagonally ordered
rods. The morphology of those two-
phase structures depends on the phase
immiscibility, the relative lengths of the
A and B chains, and other factors.
Choosing the A and B phases with com-
plementary properties enables a variety

of applications. (See the article by Frank
Bates and Glenn Fredrickson, PHYSICS
TODAY, February 1999, page 32.)

For example, to make a solid-state
electrolyte for a battery or fuel cell, one
can optimize the A phase for ionic con-
ductivity, with negative ions bound to
the polymer chains balanced by un-
bound positive ions, and the B phase for
mechanical stability. Numerous experi-
ments, however, have shown that the
theoretically derived phase diagram
that predicts the nanophase morphol-
ogy no longer applies when one of the
phases is charged.1

Monica Olvera de la Cruz and col-
leagues at Northwestern University
have developed a new theory that accu-
rately describes the ion-rich A phase by
accounting for correlations among the
charged monomers and ions.2 Tuning
the strength of those correlations,
which depends, most importantly, on
the dielectric constant of the A phase,
can induce qualitative changes in the A
phase’s morphology.

Ionic effects 
The canonical phase diagram for neutral
diblock copolymers, shown in figure 1b,
illustrates how, as a function of the frac-
tion fA of A monomers and phase im-
miscibility χ, the polymers can be disor-
dered or can form layered or hexagonal
structures. The phase boundaries are
derived from self-consistent field the-
ory (SCFT), which is founded on the 
assumption that as the polymers move
around, each one responds to the mean
density of all the others—so instead of
solving the many-body problem of all
the polymers simultaneously, one need
only look at the problem of a single
polymer moving in an applied field. 
For neutral-polymer systems, that as -
sumption seems to be good: SCFT has
been successfully used for decades to
describe various aspects of phase seg -
regation in neutral polymers and
copolymers.

Applying SCFT to a charged poly-
mer system means assuming that each
charge—whether free or bound to a
polymer—feels the average electric
field of all the other charges. Such a
treatment results in a phase diagram of
the same shape as the one in figure 1b,
but shifted down by an amount pro -
portional to the fraction of charged
monomers in the A phase.3 That is, the
immiscibility χ is replaced by an effective

Charged polymers form unusual nanostructures

A hybrid theoretical description provides a roadmap to designing
better battery electrolytes.
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Figure 1. Neutral and
charged diblock copolymers
(a) are characterized by
their overall length N and
the fraction fA of that length
that’s made up of monomer
A. (b) In the canonical
phase diagram for neutral
diblock copolymers, if the
immiscibility χ of the A and
B monomers is sufficiently
low, the polymers form a
disordered phase (D). At
higher immiscibilities, 
the polymers form self-
assembled ordered
nanostructures such as
hexagonally arranged 
rods (H) or alternating
lamellae (L). (Adapted 
from ref. 2.)
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than at mid and high latitudes. Al-
though north–south asymmetries could
occur with uniform heat fluxes, the re-
sulting dipoles tended to lie off-center
with the spin axis, fluctuate wildly over
time, and exhibit a weaker asymmetry
than exists on Mercury. When heat was
assumed to escape faster near the equa-
tors, the fields looked nearly identical to
Mercury’s.

To some extent, then, the theoretical
explanation of Mercury’s asymmetry
hinges on the unproven assumption
that the core cools fastest at the equator,

probably by way of enhanced convec-
tion in the mantle. According to Sean
Solomon, principal investigator of the
MESSENGER mission, the assumption
isn’t too far-fetched. “If there were sus-
tained, enhanced upwelling of the man-
tle in the equatorial zones—and if that
pattern persisted over most of Mer-
cury’s history—then you might expect
to see a thicker crust in the equatorial
regions. That is, in fact, what we see.” 

Solomon cautions, however, that it’s
not a given that Mercury’s mantle is
convecting at all—much less that it is

removing heat fastest near the equator.
“Most but not all Mercury models have
mantle convection turning off some-
time before the present,” he says. “Our
ignorance is vast.”

Ashley G. Smart
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