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Abstract. Larmor proposed in 1919 an explanation for the origin of the Sun’s magnetic field. This phenom-
enon, known as the dynamo effect, is considered to be responsible for most of the magnetic fields of astro-
physical objects, including that of the Earth. It took over 80 years after Larmor’s explanation for the first labo-
ratory experiments to demonstrate the dynamo instability. After a brief introduction to the three experiments
that have managed to observe this effect, I will describe what they have taught us about the possible regimes
of dynamos of planets and stars, especially regarding the geodynamo.

Résumé. Larmor a proposé en 1919 une explication pour l'origine du champ magnétique du soleil. Cette
instabilité dite effet dynamo est considérée comme responsable de la plupart des champs magnétiques des
objets astrophysiques dont celui de la Terre. Il a fallu plus de 80 ans apres 'explication par Larmor pour
que les premieres expériences de laboratoire mettent en évidence l'instabilité dynamo. Apreés une breve
présentation des trois expériences qui ont réussi a observer cet effet, je décris ce qu’elles nous ont appris
sur les régimes possibles des dynamos des planetes et des étoiles et notamment sur la géodynamo.
Keywords. Magnetohydrodynamics, dynamo instability, reversals of the Earth’s magnetic field.

Mots-clés. Magnétohydrodynamique, instabilité dynamo, inversions du champ magnétique terrestre.
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1. Introduction

The Earth and the Sun both generate a magnetic field that can easily be measured at their surface.
This is also true for most planets and stars.

It was Larmor in 1919 who first proposed that the origin of the Sun’s magnetic field is a
dynamo instability: in an electrically conductive fluid, part of the kinetic energy of the flow is con-
verted into magnetic energy [1]. A similar effect was known for solid dynamos, consisting of elec-
trical windings and magnetic structures. Modern investigations of solid dynamos are discussed
in [2-4].
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Planetary interiors, containing electrically conductive liquid zones, have led to the dynamo in-
stability being commonly accepted as the mechanism generating the magnetic fields of planets,
including that of Earth.

For a long time after Larmor’s initial publication, most results obtained were theoretical and
numerical in the more recent period, for reviews see [5, 6].

It took more than 80 years before the first laboratory observations of the dynamo effect in
conductive fluids were achieved. To date, there are three experiments that have demonstrated
this effect. A dynamo based on a helical flow in Riga, Latvia [7], a dynamo based on an array
of helical flows in Karlsruhe, Germany [8], and a dynamo based on a swirling flow between
two counter-rotating coaxial disks in Cadarache, France [9]. We note that there had been other
attempts that remained unsuccessful to observe the dynamo instability even though they were
able to measure induction mechanisms [10-12].

In this article, we will briefly review what the three successful experiments have taught us,
an in particular how they have contributed to the understanding of the magnetic fields of astro-
physical objects. A more extensive review on the generation of magnetic field by experimental
dynamos can be found in [13]. Here the focus is made on the dynamical features of the magnetic
field generated in the experimental dynamos and we show that their understanding provides an
explanation for the dynamical regimes of natural dynamos and in particular for the random re-
versals of the geodynamo.

2. Description of the three fluid dynamo experiments
2.1. Generic features of experimental dynamos

The three experiments share common properties. The electrically conductive fluid is liquid
sodium maintained above its melting temperature, nearly 98°C.

As we will see in the description of each experiment, the order of magnitude of the experi-
ments’ size is the meter, and setting the fluid in motion requires mechanical powers greater than
one hundred kilowatts.

These properties are actually required by the nature of the instability. As they are also
responsible for the difficulty to perform such experiments, it is interesting to understand their
origin. Let us consider an experiment with a liquid of electrical conductivity o, density p,
kinematic viscosity v and magnetic permeability the one of vacuum pg. The fluid flows at
characteristic speed V with a typical size L.

The dynamo instability takes place when the source of growth of the magnetic field overcomes
the dissipative terms. More precisely, in the induction equation

0B 1,
— =Vx(vxB)+ —V*B, 1)
ot oo
when the ratio of the first to the second term of the right hand side is large enough. Estimating
these terms, we define their ratio by the magnetic Reynolds number R, = ooV L. The dynamo
instability onset is associated to a critical value of R, which is of order 10 — 100 in the flows used
in the experiments.

A second dimensionless number controls the properties of such systems. It is convenient
to use the magnetic Prandtl number P,, = ypov. Values of P, are smaller than 1072 for liquid
metals. This is actually constrained by the physics of liquid metals. Indeed, v measures the
microscopic transport of momentum and (goo)~! the one of electricity. They take quite different
values in liquid metals as electricity is carried by electrons and impulsion by the nucleus of
the atoms. These quantities can be calculated using Drude’s law for the electrical conductivity
and standard estimates of the viscosity of fluids. This provides orders of magnitude built upon
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microscopic quantities. Ultimately, we obtain an estimate of the magnetic Prandtl number, that

can be written in a compact form as
m
Pp=a® [, @
m

where a = g*/(lic) ~ 1377! is the fine structure constant and m, and m,, are the masses of an
electron and a proton. This leads to P,, =~ 10~® which order of magnitude compares well with
the values for liquid metals in the vicinity of their melting temperature. The small value of the
magnetic Prandtl number thus results from the smallness of the mass ratio between electrons
and protons, and from the smallness of the fine structure constant.

A consequence of this property is that, at onset of the dynamo instability, the kinematic
Reynolds number Re = VL/v = R,/ P, reaches very large values, superior to 105. Dynamo
unstable flow are thus highly turbulent.

We can then estimate the power P needed to drive the turbulent which is, in order of magni-
tude, P = pR>,/(Lu3o®). This leads to an estimate of 100kW for a 1 meter flow of liquid sodium
at R, of order fifty [13]. Experimental dynamos thus require to operate large amounts of liquid
metal at very large mechanical power which explains the difficulties in observing the dynamo
effect.

Finally, we note that the three flows chosen for the experimental dynamos all have domains
where the helicity is strong. Helicity is a measure of how the flow breaks mirror symmetry. It is
associated to a local amplification mechanism, named «a effect, see [5] for a description of the
relation between helicity and the «a effect.

2.2. The Ponomarenko-type dynamo in Riga

The experiment conducted by Gailitis et al. [7] is based on one of the simplest models of
homogeneous dynamo, introduced by Ponomarenko in 1973 [14]. Ponomarenko’s flow involves
a conductive cylinder immersed in a static infinite environment of identical conductivity, with
which it is in electrical contact, performing both a uniform rotation and a translation along its
axis. When the flow speed reaches a sufficiently high value, so that R,, reaches the instability
threshold, this flow generates a magnetic field in the form of a helical wave. The instability is
oscillatory and the helical wave propagates in the direction of the flow.

The experiment set up by the Riga group is sketched in Figure 2. The flow is generated by a
propeller, creating a helical flow in a central cylindrical cavity. The return flow occurs in a ring
surrounding this central flow. This flow changes the nature of the instability from convective to
absolute [15]. A layer of liquid at rest is located around these two first layers. The width of the
experiment is 0.8m and its height 3m.

The growth of the magnetic field is observed at a driving power close to 100kW [15]. The na-
ture of the bifurcation as well as the growth rates of the dynamo were found to be in good agree-
ment with kinematic theory [7]. The measured magnetic field is about 1mT = 10G measured
at the external boundary of the layer at rest and can reach around 100mT at the inner cylinder
where the amplification processes are the largest [16].

2.3. The Roberts-type dynamo in Karlsruhe

The experiment in Karlsruhe, Germany, is inspired by a kinematic dynamo model developed by
G.O. Roberts [17], which showed that various periodic flows can generate a magnetic field at large
scale relative to the spatial periodicity of the flow, see [18] for a recent discussion of mean-field
dynamos.
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Figure 1. Sketch of Riga’s experiment from [15]. A propeller (1) drives an helical flow of
liquid sodium in the most inner cylindrical cavity (2). A return flow (3) is located in a
second cavity and a layer of sodium at rest (4) is around these two layers. (5) is the thermal
insulation. H and F indicate the positions of hall probes and of a fluxgate.

The experiment consists of 52 cells located in a cylinder with a width of 1.85m, through which
liquid sodium circulates [8]. The flow in each cell is helical, so that it generates an a-effect.

When the speed is sufficiently high, a magnetic field is generated by dynamo action. The struc-
ture of the generated field, a dipole with axis perpendicular to the z-direction, is in agreement
with what is expected from a dynamo generated by the a-effect of the flow. The measured gen-
erated field is up to 350 G in the core of the experiment [19]. Estimating the power required to
drive the flow from the pressure drop in the pumps that drive the flow multiplied by the flow rate,
an order of magnitude slightly larger than 10 kW is obtained in the vicinity of the onset of in-
stability. Measurements above the onset lead to an estimate of the Joules dissipation that is in
agreement with a scaling law for the power dissipation derived from a set of numerical simula-
tions. Assuming that this prediction holds for the Earth provides information on several aspects
of the Earth dynamics, and in particular for the age of the inner core and for the absence of need
for radioactive heating [20].

2.4. The Von Karman Sodium dynamo

The Von Karman Sodium (VKS) experiment is a collaboration between ENS Paris, ENS Lyon, and
CEA, with the experiment being conducted at CEA-Cadarache.
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Figure 2. Sketch of Karlsruhe’s experiment, figure from [19]. An array of 52 cells in which
liquid sodium flows and generates an a-effect. The color arrows represent the axial
direction of the flow.

The setup consists of a counter-rotating flow driven by the motion of two soft iron disks
equipped with blades and located in a cylinder, see Figure 3. 150 liters of liquid sodium are set in
motion by a mechanical power up to 300 kW [9].

For sufficient rotation of the disks with equal and opposite speeds, a magnetic field is observed
whose large scales are dominated by an axial dipole. The dipole axis is parallel to the rotation axis
of the disks. The fields fluctuates because of the turbulent fluctuations of the flow and yet the
direction of the dipole remains fixed.

Unlike the two previous experiments, the time-averaged flow is not close to a known laminar
flow that would generate a dynamo. Cowling’s anti-dynamo theorem [5] implies that a dipolar
field generated by the averaged flow should be a transverse field in order to break the azimuthal
invariance of the averaged flow. Therefore, the non-axisymmetric velocity fluctuations are
involved in the generation of the large-scale magnetic field.

The observations are consistent with an a-w type mechanism, where the azimuthal shear is
the source of the w effect, while speed fluctuations due to the helical vortices near the blades
are the source of the a effect [13]. Several numerical simulations have subsequently measured
these effects and discussed the role of the soft iron disks [22-25]. An explanation for the role
of soft iron is that it allows both the toroidal and the poloidal magnetic field component to be
strong in the vicinity of the disk near the domain where the « effect is strong [26]. This lowers the
instability threshold that can then be reached in the experiment. A magnetic field of amplitude
up to 100 — 200 G is measured in the bulk of the flow.
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Figure 3. Sketch of VKS experiment, figure from [21]. Two soft iron discs put into motion
150 1 of liquid sodium. A layer at rest is located around the swirling flow but has been
removed without changing qualitatively the behavior. An oil cooling circulation maintains
the temperature above the sodium melting point.

3. What the experiments taught us
3.1. Generation mechanisms and saturation of the magnetic field

The standard a and w effects, enable the generation of a dynamo for flows close to laminar dy-
namos, but also for flows with turbulent fluctuations at all scales, as seen in the VKS experiment.

The observed magnetic field is approximately 10 to 100 G at 10% above the instability thresh-
old. These observations are explained by the scaling law predicted for turbulent dynamos [27].
In particular, the saturation of the magnetic field results from a balance between the Laplace
force and the inertial term of the Navier-Stokes equation acting on the modification of the veloc-
ity field.

A balance between the Laplace force and the viscous term of the Navier-Stokes equation can
be captured analytically close to the onset of dynamo instability or numerically for a balance
with the inertial term [28, 29]. The order of magnitude of the generated magnetic field will not be
relevant for an astrophysical object, as they are independent of the global rotation.

A similar argument can be used to take into account rotation [27], which is usually the
dominant term in astrophysical objects. This leads to the order of magnitude estimate B> =
%(Rm — Rpyc) with Q the angular velocity. The prefactor 1/pQ/o is close to 10G which is not
unrealistic for the Earth magnetic field. More details on the generation processes and on the
saturation properties can be found in [13].

3.2. Dynamical regimes

An important symmetry property of the VKS experiment is that in exact counter-rotation, the
forcing is symmetrical under rotation of 7 around any axis in the mid-plane. We denote such a
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rotation by R;. In that situation, we already mentioned that the direction of the dipolar unstable
mode does not change.

When this symmetry is broken by rotating one disk faster than the other, dynamical regimes
are observed such as periodic reversals as seen in the Sun, random reversals as produced by the
Earth’s dipole or bursting behaviors [30, 31]. Examples of time series are displayed in Figure 4.

We note that a minute change of forcing parameters allows the field to transition from
stationary to time periodic oscillation and to random reversals. A consequence is that the nature
of the observed magnetic field is not predictive of the induction mechanism operating in the
fluid. This has implications for astrophysical observations as one could be tempted to link
magnetic field behavior with flow properties.

150 1 150
100 J ‘ N l “ \ \l 100}
— 50 \ \ ;\ ! N1y — 50
<) | H
0 1 0
) f I | &)
CQ 50 | ' “ | 1 ‘:Q _50}
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— 50 | 100
O, |l @)
0 LM P =
- )
-50 1 50
-100 H
-150 1 W
0 100 200 300 400 500 00 100 200 300 400 500
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Figure 4. Time series of the azimuthal component of the magnetic field generated in the
VKS experiment. One of the disks rotates faster than the other one. The different regimes
are obtained by a change of temperature or a change of speed of one of the motors. These
modifications result in a relative change of R, or R, that is smaller than 7%. See [31] for
details.

The field behavior results from the competition between two modes: the dipolar mode as
observed in exact counter-rotation and a second mode of quadrupolar symmetry [32]. The spatial
structure of these modes is sketched in Figure 5.
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Figure 5. Schematic of the spatial structure of the large scales of the unstable modes. Left:
dipolar field; right: quadrupolar field. Top: in the VKS experiment figure from [31]. Bottom:
for the geodynamo. Note the different behavior of the poloidal and toroidal components
of the different modes with respect to (top) the R; symmetry around the axis noted r,
(bottom) the planar reflection with respect to the equatorial plane.

4. Alow-dimensional approach to the dynamics of the magnetic field
4.1. Two competing magnetic modes

The simplest model that describe the observations from the VKS experiment is based on the
competition between two magnetic field modes [33, 34]. A review and a comparison with other
models is presented in [35]. The two modes involved in the dynamics have, at large scale,
a dipolar structure and a quadrupolar one. The same model can be introduced to describe
the dynamics of the Earth’s magnetic field and the spatial structure of the modes is displayed
in Figure 5 bottom. We note that these two modes transform differently with respect to the
equatorial symmetry (in the case of the geodynamo) and with respect to R, the rotation of angle
7 about any axis contained in the median plane (in the case of the VKS dynamo). These different
symmetries notably explain the spatial structure of the toroidal field of each mode.
We assume that each mode is close to its instability threshold. We then write the total field as

B(r,t) =d(1)D() + g(1)Q(), 3)

where D(r) and Q(r) are the spatial structures as schematized in Figure 5 and d(t) and g (¢) their
amplitudes.
Let’s note A = d + iq. Near their instability threshold, the evolution equation for A is

A=pA+vA+NL(A), (4)

where y =y, +iy;, v=v,+iv; are complex coefficient and NL(A) stands for non linear terms, of
cubic order at least due to the invariance of the magnetohydrodynamic equations under change
of sign of the magnetic field (B — —B).

The difference in behavior of the two modes with respect to the equatorial symmetry (or the R,
rotation for VKS) implies the following property: if the flow has this symmetry, then the imaginary
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parts of u and v are zero. The amplitude of these imaginary parts is thus a measure of how much
the symmetry is broken by the flow.

It is possible to keep all the nonlinear term of cubic order [33] but for simplicity we assume
that they will simply maintain fix the norm of A. In other words, we note A = rexp if and assume
that the effect of the nonlinear term in Eq. (4) is to enforce r to remain at a constant value. Then
0 can be shown to satisfy

6 = p; +v; cos (20) — v,sin (26). (5)

4.2. Random or periodic reversals

Let’s first discuss the case where ; is significantly larger than v; and thus set v; = 0. For small y;,
Eq. (6) has 4 steady solutions, 2 of which are stable and 2 are unstable, see Figure 6. Note that the
phase space remains invariant under central symmetry through the origin, as a consequence of
the B — —B invariance of the MHD equations.

A weak breaking of the symmetry brings the stable fixed points closer to the unstable fixed
points in the phase space but the solution remains stationary. When u; > v, there is no longer
any stationary solution, and the solution becomes a non-linear oscillation. In other words, at
u; = v, a saddle-node bifurcation transforms the pair of stable solutions into a limit cycle: the
magnetic field becomes oscillatory. Its spatial structure evolves over time from a dipole to a
quadrupole to the opposite of the initial dipole, the opposite of the initial quadrupole and back
to the initial dipole.

Qo AQ

o)
oY

(a) (b)

Figure 6. Phase space close to the saddle node bifurcation. Left: the two stable state B, are
at finite distance of the unstable ones B,,. Right: At the onset of the saddle node bifurcation,
the steady states collide and disappear and a limit cycle appears. Figures from [34].

In addition to this periodic oscillation behavior, this system can easily generate random
reversals. We assume that we are close to the threshold of the bifurcations as in Figure 6(a) and we
model the effect of turbulent fluctuations by random perturbations that cause the system state
to diffuse in the phase space.

If the solution is initially located close to one of the stable fixed points, say Bg, fluctuations can
push the system away from Bs. If it goes beyond the unstable fixed point B, it is attracted by the
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opposite fixed point — B, and thus achieves a polarity reversal. Several properties arise from this
mechanism:

— A reversal is made of two successive phases. The first phase B; — B, in Figure 6(a) is
the approach toward an unstable fixed point. The deterministic dynamics acts against
the evolution, and this phase is slow. The second phase B, — —Bys, is fast since the
deterministic dynamics favors the motion.

— At the end of the first phase, the system may return toward the initial stable fixed point
(phase B, — Bg), which corresponds to an aborted reversal or an excursion. Notably, the
Earth dipole has displayed several excursions in the past.

— At the end of a reversal, the dipolar amplitude d(¢) reaches large values before it tends
towards the value of the dipolar part of Bs: this is an overshoot. In contrast, excursions
do not display overshoots.

These prediction can be easily tested on Eq. (4) by adding a stochastic term that models the effect
of the turbulent fluctuations. Time series are displayed in Figure 7. We also display time series of
the Earth dipole and of the magnetic field measured in the VKS experiment. The aforementioned
properties are clearly displayed by the three systems: existence of reversals and of excursions, the
existence of a slow and a fast phase during the reversal, the overshoot at the end of the reversal
and its absence for the excursions.

4.3. Hemispherical dynamos

The model of competition between dipole and quadrupole also allows for the description of
another regime of interest: when the symmetry is broken but the dominant term in Eq. (5) is
v;. Then the solution remains stationary and corresponds to 8 = 7/4, 5n/4. This means that
the dipole and quadrupole are of equal amplitudes as d = rcosf and g = rsinf. On one side
of the Earth’s core or the VKS dynamo, the two modes add together, while on the other side,
they subtract. Thus, we are in the presence of a hemispherical or localized dynamo [37]. This
regime could possibly be that of Mars’ field in the past and has also been observed in the VKS
experiment [38].

It is quite remarkable that the same mechanism of competition between a dipolar mode and
a quadrupolar mode allows for capturing such diverse regimes as random or periodic reversals,
burst behaviors, or hemispheric modes.

4.4. Role of symmetry breaking

When the dynamics involve a dipolar mode and a quadrupolar mode, it is the breaking of
symmetry that couples the two modes and allows for reversals of the field or for localized
dynamos.

In the case where reversals are generated by the coupling, it can be shown that the frequency
of the reversals increases with the amplitude of the symmetry breaking [34].

This breaking of symmetry is controlled in the VKS experiment by the difference in rotation
between the two discs. On Earth, several origins of symmetry breaking can be thought of:
spontaneous fluctuations in the large-scale structure of the flow in the liquid core, asymmetric
forcings at the core-mantle boundary, or similar effects at the level of the solid core. In the
following section, using what we have understood about the mechanism of magnetic field
reversal, we will propose an explanation for the long-term variability in the frequency of the
geodynamo reversals. It relies on the mantle dynamics and thus relates plate tectonics to the
dynamo of the liquid core.
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Figure 7. (Top) Time series of the dipole amplitude for a system below the threshold of the
saddle-node bifurcation (Eq. (5)) subject to noise. (Middle) Time series of the magnetic field
measured in the VKS experiment for the two impellers rotating with different frequencies in
the regime of random reversals (data from [30]). (Bottom) Composite paleointensity curve
for the past 2 millions years (data from [36]).
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Figure 8. Reversal frequency as a function of age, data from [41].

5. Plate Tectonics and the Frequency of Reversals

The number of reversals of the Earth’s magnetic field per unit of time has not remained constant
over time. Over the last 80 million years, the average frequency, see Figure 8, has increased from
zero reversals during the Cretaceous Normal Superchron (CNS) between 80 and 120 million years
ago to about 4 per million years over the last 5 million years (Myr). Before this superchron, the
frequency decreased over several tens of millions of years. We also note that older superchrons
have been measured. Therefore, the frequency of reversals follows long-term variations over
durations of several tens of millions of years, see discussions in [39] or [40].

Among the physical phenomena that determine the evolution of the Earth, few are associated
with such a time scale. Ultimately, it is the convective movements in the mantle, and thus
plate tectonics, that seems to be the most capable of explaining the variability in the frequency
of reversals. Indeed, the characteristic time scale built upon the typical velocity of plates say
10cm/yr over the Earth radius 6000km is 60Myr and is of the correct order of magnitude.

Considering what we have learned from modeling the reversals of the magnetic field, as
described in Section 4, a coupling between plate tectonics and properties of the dynamo in the
liquid core is possible provided there exists a breaking of equatorial symmetry of the boundary
conditions at the core mantle boundary (CMB).

Assuming that the properties at the CMB are correlated with the ones at the surface of the
mantle, we have studied the arrangement of continents, which has been known for over 300
million years, as seen in Figure 9. We note that their arrangement in relation to the equator varies
and alternates between globally symmetrical arrangements and arrangements preferentially in
one hemisphere. In particular, the recent evolution between age 65 Myr and present time (figure
b and a) and the one between age 260 and 200 Myr (figure d and c) are associated to a drift of the
continent position away from an equatorially symmetric position towards a more northern one.
During these periods, the reversal frequency increases.

To quantify this effect, we have determined the convex hull of the continents and then
calculated D = [ zdS/St where z is the distance to the equator, the sum is taken over the convex
hull, and St is the total surface area of the Earth. This term thus measures how asymmetrical the
distribution of continents is in relation to the equator.
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Figure 9. Position of the continents with their convex envelope (red line) at various periods
of time: (a) present time, (b) 65 Myr ago, (c) 200 Myr ago, (d) 260 Myr ago. Figure from [39].
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Figure 10. Comparison between changes in reversal frequency (black line) and the D
parameter obtained after D, = |D — D(—65Myr)| (blue line). The bold line corresponds
to the past 170 Ma documented by magnetic oceanic anomalies. Error bars represent
uncertainties in continental reconstructions. Both curves have been normalized to their
present value. Figure from [39].



14 Francois Pétrélis

The characteristic time of variation of D is similar to that of the frequency of reversals and we
observe that D presents a minimum 65 million years ago. If we plot the deviation |D—D(65Myr)|
as a function of time, the curve is similar to that of F;, see Figure 10.

We deduce that the position of the continents is correlated with the frequency of reversals and,
based on our understanding of the origin of variability of the reversal frequency, this is coherent
with a control of the reversal frequency by plate tectonics.

Let us now discuss a possible mechanisms at work. We know that it is the equatorial symmetry
of the flow in the liquid core that is important and that this is therefore correlated with the
position of the continents. The most direct explanation is as follows: the continents affect the
large-scale temperature structure in the mantle, especially since they determine the areas where
cold matter descends and where hot plumes rise. This has been verified numerically [42] who
observe that supercontinents promote temperature anomalies on the largest scales. These spatial
variations in temperature and composition propagate to the CMB (core-mantle boundary) where
they affect the equatorial symmetry of the flow. This modifies the reversal frequency as explained
in Section 4.

6. Conclusions

Dynamo experiments have notably demonstrated the validity of amplification mechanisms, their
ability to generate a magnetic field at large scale, and their robustness for very turbulent flows.

Random or periodic reversals of the magnetic field as seen in astrophysical objects are generic
behaviors. They result from the competition between a small number of modes, and a dynamical
system approach allows us to identify their origin and to predict other behaviors, such as
hemispherical dynamos, which have also been observed.

For the geodynamo, it is the equatorial symmetry of the flow that plays a role in the case
of competition between a dipole and a quadrupole. In particular, this symmetry breaking
determines the frequency of reversals. We have shown that variations of the reversal frequency on
time scales of 100 million years are correlated with the position of the continents. This indicates
a strong coupling between what is observed on the surface of the mantle and what happens at
the core-mantle boundary and then in the liquid core.

To finish, we mention some related problems of interest.

Geodynamo simulations. Numerical simulations of the geodynamo do not clearly observe
a dipole-quadrupole coupling, except for some specific parameter values such as [43] or [44].
Numerical simulations are bound to run with P,, not too small. P, of order unity implies that the
velocity modes and the magnetic ones have similar dissipative time scale. This is quite different
from the realistic situation of a liquid metal for which P,, < 107 so that the magnetic modes
are heavily damped compared to the velocity ones. We expect that decreasing P,, in numerical
simulations will simplify the dynamics of the magnetic field that will be less sensitive to the
velocity turbulent fluctuations.

Low dimensional chaos. The coupling of two magnetic modes with a single hydrodynamic
degree of freedom is sufficient to generate chaotic attractors for which the dipolar amplitude
changes sign [45]. This regime might be observable in numerical simulations with order one
P,, and at moderate forcing so that a small number of hydrodynamic and magnetic modes are
dynamically coupled and evolve at similar timescales.

Properties of mantle convection. Numerical models of the mantle can be used to investigate
further the relation between the surface (location of the continents, of the descending and
ascending material, etc...) and the boudary condition enforced to the liquid core at the CMB,
see for instance [46].
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Earth magnetic field measurements. Some measurements of the magnetic field in the last
100 thousand years have a temporal resolution that could be precise enough to estimate the
quadrupolar component of the magnetic field. It would be interesting to investigate its behavior,
for instance during the more recent excursions.

Precession driven dynamos. Efforts are currently ongoing in the development of an experi-
mental dynamo based on a precession driven flow, see the related article in this article collection.
This forcing mimicks the effect of the precession of the rotating axis of astrophysical objects when
tides are the dominant forcing. If a magnetic field is generated by the dynamo instability, it will
be interesting to investigate whether dynamical regimes appear as a result from the competition
between a small number of unstable modes.
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