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Abstract. Geological data show that, early in its history, the Earth had a large-scale magnetic field with
an amplitude comparable to the one of the present geomagnetic field. However, its origin remains
enigmatic and various mechanisms have been proposed to explain the Earth’s field over geological
time scales. Here, we critically evaluate whether tidal forcing could explain the ancient geodynamo,
by combining constraints from geophysical models of the Earth-Moon system and predictions from
turbulence studies. Our analysis shows that lunar tidal forcing could have been sufficiently strong
before —3.25 Gy to trigger turbulence within the Earth’s core, and potentially to sustain dynamo action
during that interval. Then, we propose new scaling laws for the magnetic field amplitude B. We expect
the latter to scale as B ﬁ‘” 3, where B is the equatorial ellipticity of the liquid core, if the turbulence
involves weak interactions of three-dimensional inertial waves. Alternatively, in the regime of strong
tidal forcing, the expected scaling becomes B « . When extrapolated to the Earth’s core, it suggests
that tidal forcing alone was too weak to possibly explain the ancient geomagnetic field. Therefore, our
study indirectly favours another origin for the early Earth’s dynamo on long time scales (e.g. exsolution
of light elements atop the core, or thermal convection due to secular cooling).
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1. Introduction geomagnetic field. Indeed, more than a century after
the seminal idea of Larmor (1919), it is well accepted
that the geomagnetic field is driven by dynamo ac-

tion due to turbulent motions in the Earth’s liquid

This research article concludes a series published in
the Comptes Rendus (Deguen et al., 2024; Nataf and

Schaeffer, 2024; Vidal, Noir, et al., 2024; Plunian et al.,
2025), sparked by the Ampeére Prize awarded in 2021
by the French Academy of Sciences to the GEopYNAMO
research team!. The latter was originally formed to
study convective flows within the Earth’s core and the
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core (e.g. Roberts and King, 2013; Dormy, 2025).
Moreover, paleomagnetism indubitably shows that
the Earth has hosted a large-scale magnetic field for
billions of years (e.g. Macouin et al., 2004). There-
fore, the dynamics of the liquid core over geologi-
cal time scales can be indirectly probed by study-
ing the geomagnetic field. For example, geomag-
netic data allows reconstructing surface core flows
(e.g. Istas et al.,, 2023; Rogers et al., 2025), which
may enhance future predictions of geomagnetic vari-
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ations (e.g. Madsen et al., 2025), or anchoring mod-
els aimed at understanding the origin of magnetic
reversals (e.g. Driscoll and Olson, 2009; Frasson et
al., 2025). In addition, understanding the emer-
gence of the geodynamo in the ancient Earth is also
of paramount importance, since it would provide
invaluable insights into the long-term evolution of
the Earth since its accretion (Halliday and Canup,
2023).

1.1. Geologic constraints for dynamo models

Paleomagnetism indicates that the geomagnetic field
is at least 3.4-3.5 Gy old (Tarduno, Cottrell, Watkeys,
et al, 2010; Biggin, de Wit, et al., 2011), with a
paleo-amplitude that is roughly comparable with
the present field until —3.25 Gy. Such observations
agree well with more indirect estimates from geo-
chemistry. Indeed, the ' N/N isotopic compo-
sition of the Archean atmosphere 3.5 Gy ago was
found to be rather similar to the one of the present-
day atmosphere (Marty et al., 2013), which would
require a paleomagnetic amplitude of at least 50%
of the current intensity to avoid N, loss in the up-
per atmosphere (Lichtenegger et al., 2010). However,
planetary scientists currently disagree on whether
the Earth’s magnetic field could have appeared ear-
lier or not. It is indeed very challenging to go fur-
ther back in time, as ancient rocks have experienced
multiple geological events throughout their history.
As shown in Figure 1, some paleomagnetic stud-
ies suggest that the geomagnetic field probably ex-
isted during the Eoarchean era with a surface am-
plitude >15 uT (Nichols et al., 2024), and possibly
4.2 Gy ago as inferred from Hadean silicate miner-
als (Tarduno, Cottrell, Davis, et al., 2015; Tarduno,
Cottrell, Bono, Oda, et al., 2020; Tarduno, Cottrell,
Bono, Rayner, et al.,, 2023). However, the quality
of such ancient paleomagnetic data is strongly dis-
puted. The magnetic carriers may have a secondary
origin, such that the magnetisation could post-date
the formation of the minerals by millions to bil-
lions of years (e.g. Weiss, Maloof, et al., 2015; Weiss,
Fu, et al., 2018; Borlina et al., 2020; Taylor et al.,
2023).

Finding a convincing scenario to explain the an-
cient Earth’s magnetic field is a long-term goal in geo-
physical modelling (Landeau, Fournier, et al., 2022).
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Figure 1. Paleointensity at the Earth’s surface during the
Hadean and Archean periods. Measurements have been
performed on either single-silicate crystals (e.g. zircons) or
whole rocks (e.g. Banded Iron Formations). Data from the
PINT database (Bono, Paterson, et al., 2022) and Nichols et
al. (2024). Geological eons are also shown (H: Hadean,

A: Archean).

To this end, dynamo action is believed to predomi-
nantly operate in the Earth’s liquid core (e.g. Bragin-
sky and Roberts, 1995), as the latter is surrounded
by a silicate mantle having a weaker electrical con-
ductivity (compared to that of liquid iron at core
conditions) in both its upper and lower regions (e.g.
Yoshino, 2010; Jault, 2015, for the Earth). As such, the
mantle is often considered as an electrical insulator
on long time scales for dynamo modelling. Note that
dynamo action may be possible in a (basal) magma
ocean if the electrical conductivity of molten silicate
rocks is high enough (e.g. Ziegler and Stegman, 2013;
Scheinberg et al., 2018; Stixrude et al., 2020; Drag-
ulet and Stixrude, 2025), but this dynamical scenario
may be energetically expansive (Schaeffer, Labrosse,
et al., 2025). However, there is currently no consen-
sus within the community regarding the physical
mechanisms that may have driven core flows in the
ancient core.

1.2. Non-consensual dynamo scenarios

To assess the viability of a candidate dynamo sce-
nario, we should strive to reproduce the main char-
acteristics of the recorded field over geological time
scales. In particular, we can consider the typical am-
plitude of the large-scale field in the dynamo region,
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which can be extrapolated from the data. Indeed, for
an electrically insulating mantle, the amplitude By
of the largest-scale dipolar field at the core-mantle
boundary (cmB) is related to that at the planet’s sur-
face B by (e.g. K. H. Moffatt and Dormy, 2019)

R, \?
) , (1)

cmb

Bemb = Bs (

where R.yp is a mean core radius, and R; is the
mean surface radius. With the typical value of Ry, =
3480 km for the Earth’s core, Figure 1 leads to the esti-
mate Beyp, ~ 1072-107! mT for the early Earth’s field
before —3.25 Gy. Deep in the core, the strength of
the dynamo magnetic field could even be larger than
at the cmB, as for instance reported for the current
Earth (with a hidden toroidal field of a few mT, e.g.
Gillet et al., 2010). Note that it is unclear whether
these ancient dynamos have operated in a strong-
field regime (as currently in the core) or not, which is
aregime with a magnetic energy dominating over the
kinetic energy (e.g. K. H. Moffatt and Dormy, 2019). If
so, a strong-field behaviour would put a strong con-
straint to assess the viability of candidate dynamo
models.

Now, do we have some ancient dynamo scenar-
ios meeting the above constraints? Currently, the
main driver of the Earth’s core flows is inner-core
crystallisation (e.g. Buffett et al., 1996). Indeed, this
scenario has proven successful in reproducing the
main characteristics of the current geomagnetic field
using numerical simulations (e.g. Schaeffer, Jault,
et al,, 2017; Aubert, 2023). However, inner-core crys-
tallisation was missing in the distant past. The ex-
act chronology remains disputed, but a nucleation
starting 1 + 0.5 Gy ago seems reasonable from recent
thermal-evolution models (e.g. Labrosse, 2015) or
paleomagnetism (Biggin, Piispa, et al., 2015; Bono,
Tarduno, et al., 2019; T. Zhou, Tarduno, Nimmao,
et al., 2022; Y.-X. Li et al.,, 2023). Prior to inner-
core growth, it remains unclear which mechanism
could have sustained a large-scale magnetic field. In
addition to thermal convection alone (e.g. Aubert,
Labrosse, et al., 2009; Burmann et al., 2025; Lin, Marti
and Jackson, 2025), various scenarios have been in-
voked to trigger turbulence in the core (e.g. Landeau,
Fournier, et al., 2022), such as flows driven by double-
diffusive convection in the core (e.g. Monville et al.,
2019) or by tidal forcing (e.g. Le Bars, Cébron, et al.,
2015). Indeed, the recent estimates of the thermal

conductivity of liquid iron at core conditions, which
do not show a consensus yet between experimental
and computational values (e.g. Q. Williams, 2018;
Hsieh et al., 2025; Andrault et al., 2025), might sug-
gest that secular cooling was energetically less effi-
cient than initially thought to sustain dynamo action
in the Earth’s core.

1.3. Outline of the manuscript

Motivated by the paleomagnetic data shown in Fig-
ure 1, we want to thoroughly assess whether tidal
forcing could have sustained the early Earth’s mag-
netic field. Landeau, Fournier, et al. (2022) provided
preliminary estimates but, as shown below, applying
this scenario to the Earth is still intricate. The extrap-
olation is underpinned by some arguments that must
be quantitatively revisited in the light of recent geo-
physical models and fluid-dynamics studies. Thus,
this manuscript also intends to explain how the fluid-
dynamic community models tidally driven flows and
turbulence in planetary cores.

For instance, to the best of our knowledge, there
is no self-consistent numerical code to efficiently
explore the dynamo capability of orbitally driven
flows in realistic core geometries (i.e. with a weakly
non-spherical cmB). This is a noticeable difference
with convection-driven dynamos, for which effi-
cient numerical strategies have been developed for
decades (e.g. Christensen, Aubert, et al., 2001; Scha-
effer, 2013). Therefore, we must currently rely on
scaling arguments to extrapolate the few available
results to the early Earth. However, planetary ex-
trapolation is not an easy task because it requires a
strong understanding of the turbulence properties,
which are still debated in the fluid-dynamics com-
munity (e.g. as recently reviewed in Vidal, Noir, et al.,
2024). Similarly, a universal scaling law that could be
applied to any tidally driven flow is unlikely to exist,
because the scaling theory should be tailored to each
physical mechanism.

With the aforementioned goals in mind, the man-
uscript is divided as follows. We introduce the ba-
sic fluid-dynamics ingredients for core flows driven
by orbital forcings (e.g. tides) in Section 2, as they
may not be familiar to non-expert readers. We then
focus on the tidal forcing in Section 3, combining
constraints from geophysical models, hydrodynamic
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studies and new dynamo scaling laws, to extrap-
olate our findings to the early Earth. We discuss
the results in Section 4, and we end the manuscript
in Section 5.

2. Modelling of orbitally driven flows

In this section, we will present the minimal fluid-
dynamics ingredients needed to model the dynam-
ics of planetary liquid cores subject to orbital me-
chanical forcings (such as tides in the early Earth).
First, we introduce in Section 2.1 an idealised com-
mon description of orbitally driven core flows. Then,
we briefly outline in Section 2.2 the different steps
of the (expected) flow response of a planetary liquid
core to an orbital mechanical forcing, which will be
revisited in Section 3 to carry out the planetary ex-
trapolation to the early Earth.

2.1. Equations of fluid dynamics

We want to model the dynamics of a planetary core
prior to the nucleation of a solid inner core. Thus,
we consider a liquid core of volume V with no inner
core, which is surrounded by a rigid and electrically
insulating mantle. The cMB is denoted by 0V below.
The core geometry is generally assumed to be spher-
ical in most geodynamo models, as it is sufficient
for convection-driven studies and allows developing
very efficient numerical methods (e.g. Christensen,
Aubert, et al., 2001; Schaeffer, 2013). However, it is
important to take the small departures from a spheri-
cal cMB into account for tidal and precession forcings
(e.g. Le Bars, Cébron, et al., 2015). For simplicity, we
assume below that V is an ellipsoid, which agrees
with the mathematical theory of equilibrium figures
for a rotating fluid mass with an orbital partner (e.g.
Chandrasekhar, 1987). Then, it is customary to work
in the frame rotating with the ellipsoidal distortion,
which is rotating at the angular velocity Q.. Note that
the latter generally differs from the rotation of the
fluid, which will be denoted by Q below. Working in
the frame rotating at Q. will ease the computations,
since the cMmB will be steady in that frame and can be
written as (x/a)? + (y/b)2 + (z/¢)% = 1, where [a, b, c]
are the ellipsoidal semi-axes and (x,y,z) are the
Cartesian coordinates. Note that dynamical pressure
(due to core flows) is expected to be much weaker

than hydrostatic pressure on long time scales. Con-
sequently, in practice, the flow dynamics is usually
explored in rigid ellipsoids by considering prescribed
values of [a, b, c]. Planetary values can be estimated
from tidal theory (e.g. Farhat et al., 2022) and the the-
ory of planetary figures (e.g. Chambat et al., 2010).
Note that the z-axis is usually chosen along the ro-
tation of the planet, such that it is customary to
introduce the two parameters given by

_la* -1 _a-c
b= 1=

where 0 < f <« 1 is the (equatorial) ellipticity and
0 < f <« 1is the (polar) flattening.

The core is filled with an electrically conducting
liquid, which is assumed to have a constant kine-
matic viscosity v and magnetic diffusivity 7. The ratio
of these two quantities yields the magnetic Prandtl
number Pm = v/n, whose typical value is Pm ~ 107%
in a planetary liquid core when adopting the typical
core values v ~ 107® m?.s™! (e.g. de Wijs et al., 1998)
and =1 m?-s~! (e.g. Nataf and Schaeffer, 2024). As
a consequence, we expect the magnetic dissipation
to be much larger than the viscous one in a dynamo
regime. Note that we neglect density effects below,
to focus on incompressible fluids with constant den-
sity. Indeed, most fluid-dynamics studies consider
orbitally driven flows without buoyancy effects in the
incompressible regime, assuming that the fluid has a
constant density p¢. In the frame rotating at Q,, the
fluid velocity v is then governed by the incompress-
ible momentum equations given by

dw+2Qc xv=-VII+vVv+f, +fp, (32)
V-v=0, (3b)

where d; = 0; + v- V is the material derivative, IT is
a reduced pressure term (for incompressible flows),

and |f}, fp] are the Lorentz and Poincaré forces given
by

(2a,b)

1 .
fi1=— VxB)xB, fp=rxQ,,
L s g ‘
where u is the magnetic permeability of the fluid?
and r is the position vector. The momentum equa-
tion is coupled, through the Lorentz force, to the

(4a-b)

2We have y = g for core conditions in practice, where y is the
magnetic permeability of vacuum.
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magnetic field equations given by (e.g. K. H. Moffatt
and Dormy, 2019)
0,B=V x (vx B)+1nV’B, (5a)
V-B=0. (5b)
Finally, the above equations must be supplemented
with appropriate boundary conditions (BCs) at the
cmB. The mantle being supposed to be an electrical

insulator, the magnetic field in the core must match
at the cums the field in the mantle, which is given by

B=V®, ®—0 when|rl— +oco. (6a,b)

Next, because the mantle is supposed to be rigid, the
velocity must satisfy the no-penetration BC given by
v-1,lyy = 0 for any forcing, where 1,, is the (outward)
unit vector normal to the boundary. Some BCs must
also be enforced on the tangential velocity compo-
nents, but they are forcing-dependent.

Finally, it is customary to write down the mathe-
matical problem using dimensionless variables. In
particular, we introduce the Ekman number E and
the Rossby number Ro given by

v U
E= 7 Ro= ) (7a;b)
QsRcmb QsRemb

where Q; = |Q;] is the mean angular velocity of the
fluid (e.g. Qs = 7.3 x 107 rad-s™! currently in the
Earth’s core), Rcmp is the mean core radius, and % is
a typical amplitude of the core flows. We will show
in Section 3 that both E and Ro will be key for the
planetary extrapolation of the results. Indeed, de-
spite E is a very small quantity in planetary cores (e.g.
E ~ 10715 in the Earth and E ~ 10712 in the Moon),
it will mainly control the growth of turbulent flows.
Similarly, the strength of the rotating turbulence (and
hence that of the dynamo magnetic field) will be in-
fluenced by the value of Ro.

2.2. Towards dynamo magnetic fields

Even with the strong physical assumptions we have
employed, the model presented in Section 2.1 is ex-
tremely difficult to solve. One of the reasons is that,
currently, there is no numerical code that can effi-
ciently account for magnetic BC (6) in an ellipsoidal
geometry. Nonetheless, previous numerical and ex-
perimental studies have allowed the identification
of a rather general pattern for the flow response to
orbital forcings (e.g. Vidal, Noir, et al., 2024, for a
recent review). We briefly describe it below, as it

will guide us for the extrapolation of tidal forcing in
Section 3.

To start with, we consider a non-dynamo regime
characterised by negligible magnetic effects, which
occurs prior to the establishment of a planetary mag-
netic field. At the leading order, an orbital forcing
drives a large-scale flow Uy in an ellipsoid, which is
governed by

d,Up+2Qc x Uy = -VIlg+vVW>Up +fp, (8a)

V.U =0. (8b)

This is a laminar flow, sometimes referred to as a
Poincaré flow for precession (e.g. Roberts and Wu,

2011), which has a nearly uniform vorticity and can
be written in the bulk as (Noir and Cébron, 2013)

Up=wexr+VV¥., Up-1ylov =0, (9a,b)

where w, is the fluid rotation vector in the Q.-frame,
and VY, is a shear flow that is non-vanishing only
when a # b, a # c or b # ¢ (i.e. when the cMmB is
not spherical). Note that orbital forcings also sustain
other laminar flows, such as mean flows due to weak
nonlinear interactions in the boundary layer below
the cMB (e.g. Busse, 1968; Cébron, Vidal, et al., 2021).

It turns out that the forced laminar flows are un-
likely to sustain dynamo action, because their spa-
tial structures are generally too simple (e.g. Tilgner,
1998, for the precession-driven forced flow). How-
ever, the flow components departing from Uy could
be viable candidates for dynamo action. Indeed,
there are often unstable flow perturbations u that can
grow upon U in the bulk of the core with an am-
plitude |u|  exp(ot) in the initial stage (i.e. when
u-Vuremains negligible in the momentum equation
for u), where o > 0 is the growth rate of the unsta-
ble flows. Physically, such hydrodynamic instabilities
can result from couplings between the shear compo-
nent V¥, in Equation (9a) and free waves existing in
the bulk of the core (e.g. inertial waves, whose restor-
ing force is the Coriolis force associated to the global
rotation of the liquid core). The growth rate o = 0 of
these unstable bulk flows can be written as

Uzai—od, (10)

where o! > 0 is the diffusionless growth rate (i.e.
when v = = 0), and 0 > 0 is the diffusive damp-
ing term. Prior to the existence of a strong plane-
tary magnetic field, the main dissipation mechanism
is due to viscous dissipation in the Ekman boundary
layer below the cmB, such that Ud/Qs ~ O (EY?) with
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a numerical pre-factor that depends on the spatial
complexity of u (e.g. Greenspan, 1968). A first con-
dition to reach a dynamo regime is thus given by

i
g— > G(E?). a1

N

Condition (11), which gives a condition for bulk in-
stability in the core, will allow us to estimate when
unstable bulk flows could have been triggered by
tidal forcing in the early Earth’s core. Note that other
hydrodynamic instabilities may be triggered by tidal
forcing, either in the bulk (e.g. Sauret et al., 2014) or
below the cmB (e.g. see a discussion in Cébron, Vidal,
et al., 2021). However, they are not expected to play
a key role for planetary dynamos (as their existence
mostly rely on viscous effects).

After their exponential growth, these flows will sat-
urate in amplitude due to a non-vanishing nonlin-
ear term u-Vu, and become turbulent. As outlined
in Vidal, Noir, et al. (2024), various regimes of turbu-
lent flows can be expected, leading to different scal-
ing laws for the velocity amplitude %/ ~ |u| as a func-
tion of the control parameters (e.g. E and Ro). There-
fore, we need to determine the correct scaling law for
the amplitude of turbulence.

Once we can estimate the amplitude of turbu-
lent flows in planetary conditions, we can start as-
sessing their ability to generate a self-sustained mag-
netic field. In induction equation (5a), the magnetic
field can growth over time if the production term
V x (ux B) is much larger than the dissipation term
nV2B. Using orders of magnitude, this yields the
condition that the magnetic Reynolds number Rm,
given by
_ % Remp

n
where n = 1 m?-s™! is the typical value in the Earth’s
core, must be larger than some threshold value Rm,
to have a growth of the magnetic energy. In practice,
a typical condition

Rm, ~40-100 (13)

Rm (12)

is often assumed from convection-driven dynamos
in spherical geometries (Christensen and Aubert,
2006), in good agreement with theoretical studies
(e.g. Chen et al., 2018; Holdenried-Chernoff et al.,
2019; Vidal and Cébron, 2021). Yet, larger values
Rm, ~ 200 might be required for orbitally driven dy-
namos according to prior simulations (Reddy et al.,
2018; Cébron, Laguerre, et al., 2019).

Finally, the nonlinear regime of orbitally driven
dynamos remains unknown. Indeed, direct numeri-
cal simulations (bns) of dynamos in ellipsoids have
only be performed using either unrealistic (ad-hoc)
numerical approximations that strongly hamper
the planetary extrapolation (Cébron and Holler-
bach, 2014; Vidal, Cébron, Schaeffer, et al., 2018), or
were limited to exponential growth regimes (Ivers,
2017; Reddy et al., 2018). Therefore, we must rely
on scaling-law arguments to estimate the possible
strength of dynamo fields in planetary interiors.
However, there is no consensual dynamo scaling law
in the literature for tidal forcing (Le Bars, Wieczorek,
et al., 2011; Barker and Lithwick, 2014; Vidal, Cébron,
Schaeffer, et al., 2018) or precession (Cébron, La-
guerre, et al., 2019).

Finally, it is worth noting that a dynamo scenario
can fail at any stage. For instance, condition (11)
may not be fulfilled on long enough time scales to
yield turbulent flows u, or the resulting turbulence
may have not remained vigorous enough to main-
tain a Rm value above the dynamo onset over time.
Similarly, the associated dynamo magnetic field may
be too weak to match the paleomagnetic estimates
given in Figure 1. Therefore, to assess the dynamo
capability of tidally driven flows in the early Earth,
we have first to estimate if conditions (11) and (13)
are satisfied in the distant past, and then to estimate
a typical magnetic field amplitude using appropriate
scaling laws.

3. Results for tidal forcing

As customary in long-term evolution scenarios for
the Earth-Moon system (e.g. Farhat et al., 2022), we
consider a simplified model neglecting the effects of
Earth’s obliquity, of the Moon’s orbital eccentricity
and inclination, and of the small phase lag between
the tidal bulge of the Earth and the Moon. Hence,
the Earth’s core is supposed to be instantaneously de-
formed by the tidal potential into an ellipsoid whose
equatorial semi-axes can be written as

@ _Ji+p 2 - /i-p

Remb Remp

where is R¢ryp, the mean radius of the liquid core. We
work in the frame rotating with the Moon at the angu-
lar velocity Q. = Qqp1;, and assume that the liquid
core is co-rotating with the planet at the angular ve-
locity Q¢ = Q41 with respect to the inertial frame. In

(14a,b)




Jérémie Vidal and David Cébron 7

fluid-dynamics studies, it is tacitly assumed that the
orbital parameters evolve on a time scale (denoted
by 7 below) that is much longer than that of the tur-
bulent flows. Consequently, [Qqh, Q2] and the ellip-
soidal geometry are always supposed to be constant
for the flow dynamics. This allows performing para-
metric studies as a function of the different parame-
ters over geological time scales, and obtaining scaling
laws for extrapolation to the Earth.

Given the above assumptions, tidal forcing first
drives a laminar flow in an ellipsoidal liquid core of
the form (9) with (e.g. Le Bars, Cébron, et al., 2015)

we=AQ1,, ¥.=-BAQxy, (15a,b)

where AQ = Qs — Qqp is the differential rotation be-
tween the fluid and the orbit. To assess the validity of
the tidal scenario, we first estimate the orbital param-
eters in Section 3.1 by using geophysical models for
the early Earth—-Moon system. Then, we investigate
whether Uy can sustain flow instabilities and turbu-
lence over geological time scales by using constraints
from hydrodynamics studies in Section 3.2. Finally,
we discuss possible dynamo effects in Sections 3.3
and 3.4 using scaling-law arguments.

3.1. Estimates from geophysical models

We need to estimate how the geometry of the liquid
core has changed over geological time scales, as well
as the spin Q; and the orbital angular velocity Q.
It is known that the polar flattening is mainly due
to centrifugal effects such that f oc Q2 according to
equilibrium hydrostatic models (e.g. Chambat et al.,
2010). Moreover, tidal theory for an incompressible
fluid predicts that the equatorial ellipticity of the core
should evolve as 8 o< (1/ap)?® (e.g. Cébron, Le Bars,
Moutou, et al., 2012), where a), is the Earth—-Moon
distance. Therefore, assuming that the mantle’s
properties have not significantly changed over time,
the polar flattening f(r) and equatorial ellipticity
B(7) of the core at age T before present can be esti-
mated from the present-day values [f(0), 8(0)] as

fo _ (Qs(t))z B _ (aM(O)
fO) Q0] " BO)  \am®)
with the present-day values ay;(0)/Rs = 60.14 and
Q(0) = 7.27 x 1073 rad-s~! (Farhat et al., 2022).
We have to estimate the present-day values
[f(0),B(0)], before extrapolating [f(7),B(r)] back
in time. Following Chambat et al. (2010), the current

3
) ,  (16a,b)

flattening f(0) can be obtained using hydrostatic
equilibrium theory, with

f(0)=2.54x1073 (17)

at the cmB. Note that the Earth’s nutations provide an
estimate of f(0) with an error margin of only a few
percents (e.g. Dehant et al., 2017), such that its value
is already well constrained. For $(0), we need to re-
late the Earth’s surface maximum displacement due
to Moon’s tides, which is roughly smax (Rs) = 22 cm for
the solid tides (Agnew, 2015), to that at the cMB (see
Figure 2). To do so, we have used the open-source
code TipALPY (Renaud, 2023) to solve the standard
elastic-gravitational equations for a layered planet
subject to a diurnal tidal potential of degree 2 (e.g.
Alterman et al., 1959), using PREM as the reference
Earth’s internal structure (Dziewonski and Anderson,
1981). The results are shown in Figure 3. We observe
that the maximum tidal displacement at the cmB is
nearly equal to that at the Earth’s surface. By writ-
ing the equatorial semi-axes as @ = Remb + Smax (Remb)
and b = Remp — Smin (Remb), With Smin = —Smax/2 for
a tidal potential of degree 2 (e.g. Agnew, 2015), the
cMmB ellipticity at present time $(0) is thus given by
(atleading order in the small displacement)

3 Smax(Remb)

p) =~

~9.8x1078, (18)
2 Rcmb

In the following, we will use the above present-day
values to constrain the extrapolation back in time.
Note that such values are subject to uncertainties,
whose influence will be touched upon below in Sec-
tion 4. To do so, we use the orbital model provided
in Farhat et al. (2022). This is a semi-analytical model
that fits the most accurate constraints in the Earth—
Moon evolution (i.e. the present tidal dissipation rate
and the age of the Moon). As discussed below in Sec-
tion 4, this is not the case for other orbital models. As
illustrated in Figure 4, the physical model by Farhat
et al. (ibid.) also agrees very well with most available
geological data (e.g. tidal rhythmites and cyclostrati-
graphic records).

The corresponding values of (r) and f(7), com-
puted as a function of 7 from Equations (16a,b), are
shown in Figure 5. We see that 8 only varies from one
order of magnitude over the Earth’s history, that is
from B = 10”7 nowadays to 8 = 1076 at —4.25 Gy. This
narrow range of values will put severe constraints for
the viability of the tidal scenario (as explained below
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Figure 3. Maximum radial displacement smax and inverse
polar flattening f~1 at present day, as a function of nor-
malised mean radius r/Rs, as computed for tidal theory
and hydrostatic equilibrium theory. In both cases, the same
Earth’s reference model is chosen (Dziewonski and Ander-
son, 1981). Red region shows the solid inner core, and grey
one the liquid outer core.

in Section 3.2). Finally, the Moon’s orbital frequency
is reconstructed using Kepler’s third law as

Qory(@) _ (am(0))*"? 2m
= v Qo (1) = 77—,
Qo (0) ap (1) Torp (7)
where T, (7) is the Moon’s orbital period (whose
current value is To(0) = 27.3217 days). As shown
in Figure 5, we find that Qu4/Qg only varied

(19a,b)

and references therein. Cyclostratigraphic data: M. Zhou
et al. (2024) and references therein. Tidal rhythmites data:
Farhat et al. (2022) and Eulenfeld and Heubeck (2023) and
references therein.

weakly in the distant past, a typical value being
Qorp/Qs ~0.04£0.01 during the Hadean and Archean
eons.

3.2. Hydrodynamic constraints

The geophysical models discussed above have al-
lowed us to estimate the parameters that need to be
prescribed in the fluid-dynamics models. Hence, we
can move on the hydrodynamic constraints we have
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Figure 5. Evolution of the Earth’s core ellipticity 8, polar
flattening f, and of Q;,/Qs, as a function of age. Dashed
line shows the frequency value associated with the least-
damped mode in resonance condition (20). Geological
eons are also shown (H: Hadean, A: Archean, P: Protero-

Z0ic).

about tidal flows. Before we can estimate the strength
of dynamo action in Section 3.3, we need to estimate
whether turbulent tidal flows could have been trig-
gered in the early Earth’s core in Section 3.2.1 and es-
timate their amplitude in Section 3.2.2.

3.2.1. Onset of turbulent flows

As outlined in Section 2.2, unstable tidal flows can
possibly grow upon the flow Uy with an exponen-
tially increasing amplitude « exp(cf) in the initial
stage. The underlying mechanism is that of a sub-
harmonic (parametric) instability, known as the el-
liptical instability (Kerswell, 2002; Le Bars, Cébron, et
al.,, 2015). This instability results from couplings be-
tween some normal modes u; sustained by the global
rotation of the core, called inertial modes and oscil-
lating with an angular frequency w;, and the shear
component of the forced flow U, through the lin-
earised term (u; - V) Uy + (Uy- V) u; in the momentum
equation.

For this instability to exist, the modes and the tidal
forcing must satisfy a resonance condition in time
given by (e.g. Vidal and Cébron, 2017)

w; = +|Q5— Q. (20)

Imperfect resonances can only occur in condition
(20) for finite values of the ellipticity g or the Ekman
number E. Hence, the latter should be negligible in

the early Earth’s core with f « 1 and E — 0. More-
over, we emphasise that Equation (20) is only a neces-
sary condition, because some resonance conditions
must also be fulfilled in space to have a non-zero
growth rate o (not shown here). Then, theory pre-
dicts that o is of the form (10), in which the diffusion-
less part ¢ is given by (e.g. Vidal, Cébron, ud-Doula,
etal., 2019)

i A 2
o~ (2Q2+3)

Q—lel—ﬂolﬁ (21)
S

with Qg = Qop/Qs and Q = Qg/(1 — Qp). Note that
the upper bound in Equation (21) is reached when
the unstable flows have a large enough spatial com-
plexity (Vidal and Cébron, 2017). Moreover, in the ab-
sence of strong magnetic fields, we can estimate the
damping term o from the viscous damping o of the
inertial modes involved in resonance condition (20).
Boundary-layer theory shows that the viscous damp-
ing of inertial modes in an ellipsoid is given by

0" =Q0}, EV? + 0} B), (22)

where 0}, > 0 results from the viscous friction in the
Ekman layer below the cMB (e.g. Greenspan, 1968),
and o] = 0is abulk contribution (e.g. Liao et al., 2001;
Lemasquerier et al., 2017).

Equation (22) is illustrated in Figure 6(a). Note
that the inertial modes can be expressed in terms of
polynomial functions of degree < n in rotating el-
lipsoids (e.g. Backus and Rieutord, 2017; Colin de
Verdiere and Vidal, 2025), such that they can be com-
puted using dedicated numerical methods (e.g. Vidal
and Colin de Verdiere, 2024). We have only shown the
modes for which we could expect resonances from
condition (20), that is with |w;| ~ 0.96 + 0.02 for the
early Earth according to Figure 5. Interestingly, we
deduce that no modes of degree n < 7 could be trig-
gered in the early Earth’s core. Indeed, the first modes
that possibly satisfy resonance condition (20) in the
early Earth are the two n = 7 modes whose angular
frequencies are
Wi
— = +£0.965. (23)
Q

N
Among all modes satisfying the resonance condition,
the latter n = 7 modes also have the lowest surface
and bulk damping contributions given by

v

a¥ o
12 5,73, Q—l ~261. (24)

N N
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Figure 6. (a) Surface and bulk contributions to the viscous damping ¢, as a function of the polynomial degree n of inertial modes
with f=107% and f = 1072. Only the modes with 0.94 < |w;/Qs| < 0.98 that could satisfy resonance condition (20) are shown.
(b) Diffusionless growth rate o/ /Q; of unstable tidal flows as a function of time, given by formula (21), and leading-order damping
term o4 > ¢ as a function of the typical length scale of expected unstable flows. We have used the standard value v = 1076 m?.s~1
of the core viscosity (e.g. de Wijs et al., 1998). We have included the prior lower bound obtained with 7 ,,/Qg = 2.62 (blue region).
Geological eons are also shown (H: Hadean, A: Archean, P: Proterozoic).

Hence, we can conclude that the damping term had
alower bound in the early Earth given by

0%1Qs>5.73EY2 + 261E. (25)

This is an improvement with respect to the prior
lower bound 0%/Qg = 2.62E'?> (e.g. Landeau,
Fournier, et al., 2022), which corresponds to the
damping term of the n = 1 spin-over modes with
w;/Qs = £1 (Greenspan, 1968). However, theory
shows that such modes cannot yield an elliptical in-
stability for the cMB geometry with a = b = ¢ (Cébron,
Le Bars, Leontini, et al., 2010). The damping term in
Equation (10) is thus at least two times larger than
previously thought for the early Earth. Moreover,
given the observed scalings of 07, and o} with n in
Figure 6(a), perturbations with n > 1000 would be
required to have a bulk contribution larger than the
surface one in Equation (25).

Next, we compare o' given by Equation (21) and
oV in Figure 6(b). We have estimated ¢" from Fig-
ure 6(a) for unstable flows with the typical length
scale ¢(n) estimated as (Nataf and Schaeffer, 2024)

l 1 =«
Remp 2n+1/2’
where 7 is the degree of the corresponding modes

in the resonance condition. First, we see that small-
scale flows (e.g. with n > 100) were certainly entirely

(26)

1/2

damped by viscosity over the entire Earth’s history.
Therefore, only some large-scale flows may have be-
come unstable in the early Earth’s core. Moreover,
we see that the largest-scale modes with n = 7 can
only be triggered before —3.25 Gy. These results pro-
vides a strong constraint on the age of a possible
tidally driven dynamo in the core. Indeed, we can as-
sert that paleomagnetic measurements younger than
—3.25 Gy, which had a strong magnetic field ampli-
tude (Figure 1a), did record an ancient large-scale
magnetic field driven by another mechanism than
tidal forcing. Yet, it remains possible so far that older
points could evidence an ancient tidally driven geo-
dynamo because tides may have injected energy into
some large-scale unstable flows with 7 < n <« 100 be-
tween —4.25 and —3.25 Gy.

3.2.2. Turbulent flows

Linear analysis yields predictions for the time win-
dow where turbulent flows may be triggered by el-
liptical instabilities (sustained by tidal forcing). Now,
we have to estimate the typical velocity amplitude %,
as this quantity will play an important role in the
planetary extrapolation. To do so, we can have a look
at simulations of tidally driven flows without mag-
netic fields. Actually, several turbulence regimes can
be expected. Weakly nonlinear analysis shows that
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the normal form of the elliptical instability is that of a
supercritical Hopf bifurcation (Knobloch et al., 1994;
Kerswell, 2002). Hence, the saturation amplitude
should scale as %/ (|AQ|a) < /B — B near the onset,
where S, is the critical ellipticity (i.e. such that o = 0).
On the contrary, we expect % /(|AQ|a) x B— B ~ B
far enough from the onset according to phenomeno-
logical arguments (Barker and Lithwick, 2014).

We estimate %/ below from the volume average
of the axial velocity component u,, which has been
reported in prior numerical and experimental stud-
ies. Since we have Uj-1, = 0, any departure from
zero will be associated to tidally driven turbulence
and mixing. Moreover, it is often assumed to be a
good proxy for the mixing in the core driven by tides,
which is key dynamo action driven by tides (e.g. Vi-
dal, Cébron, Schaeffer, et al., 2018). We show in Fig-
ure 7 the normalised velocity amplitude %, obtained
from simulations in ellipsoids with a rigid boundary
at E=15x107% and |1 — Qg /Q| = 1.98 (Grannan
etal., 2017). We do recover the two expected regimes
in the simulations. The transition is believed to occur
when -, ~ O(E) from theory (Kerswell, 2002). This
is again in broad agreement with the simulations,
but we report here a quite large numerical pre-factor
since it occurs at f— B, ~ 600 E. The second regime
with B> B, can be more efficiently probed by relax-
ing the no-penetration BC in the model. This can be
achieved by using a free-surface condition in an el-
lipsoid (Barker, 2016a), or by performing simulations
of turbulent flows growing upon Uy in Cartesian pe-
riodic boxes (Barker and Lithwick, 2014). Such simu-
lations, performed for different values of E and forc-
ing frequencies |1-Q,/Ql, are gathered in the inset
of Figure 7. Although they have been performed for
different parameters, almost all simulations are well
reproduced by the linear scaling law u,/(|AQ|a)
(0.25 £ 0.15) B in the second regime (see the inset in
Figure 7).

To apply these results to the early Earth, we need
to estimate how supercritical the early Earth’s core
was before —3.25 Gy. Going back to Figure 6(b),
we see that super-criticality is never very large (i.e.
o'/0¥ <« 10). We can estimate a lower bound for the
critical value of the ellipticity at the onset from Equa-
tions (21) and (25). This yields

573EY%2  16(1+Q)2
|1 —Qorb /sl (ZQ“‘?))Z '

BeZ 27)

(B - /3(‘)/E
107! ¢ 1
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Figure 7. Normalised velocity 2/ (|AQ|a) with AQ = Q-
Qorp, as a function of B — . (with B = 1072) in DNs of
tidally driven flows in rigid ellipsoids (Grannan et al., 2017).
Inset also shows the velocity but as a function of f when
B > B for additional simulations in ellipsoids with a free-
surface condition (Barker, 2016a), and in Cartesian boxes
(Barker and Lithwick, 2014). In the latter case, we have
defined a = {/1+ B for the normalisation. Coloured re-
gion shows scaling law 2/ (]AQ|a) = (0.25 + 0.15) B, which
broadly agrees with simulations.

from which we obtain the typical value 8, = 2.5x 107"
before —3.25 Gy. Hence, we estimate that we had at
most B/, < 2 after —4 Gy from Figure 5.

Assuming that the transition between the two
regimes still occurs at f— ., ~ 600E when E « 1,
the early Earth’s core would have been in the sec-
ond regime for most of the Hadean and Archean eons
(since B — B > 600E). Therefore, we can consider
that the tidally driven velocity amplitude (in plane-
tary cores) is given by

U ~ a1 BIAQ|Remp, a1 =0.25+0.15,  (28a,b)

as deduced from the simulations above. It is worth
noting here that Landeau, Fournier, et al. (2022) as-
sumed that a; = 1 in their velocity scaling law, which
is at odds with the numerical results gathered in
Figure 7.

Finally, we point out that scaling law (28) says al-
most nothing about the characteristics of the under-
lying turbulence. Indeed, the properties of tidally
driven turbulence remains largely disputed for plan-
etary conditions (e.g. Vidal, Noir, et al., 2024). Scal-
ing law (28) may apply for tidally driven flows char-
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acterised by weakly nonlinear interactions of three-
dimensional waves when Ro < 1 (Le Reun, Favier,
Barker, et al., 2017; Le Reun, Favier and Le Bars, 2019;
Le Reun, Favier and Le Bars, 2021), as well as with
strong geostrophic flows when Ro > 1072 (e.g. Barker
and Lithwick, 2014; Barker, 2016a; Vidal, Cébron,
Schaeffer, et al., 2018).

3.3. Adynamo scaling law

Given the scaling law for the velocity amplitude, we
evaluate in Figure 8 the value of Rm, defined in Equa-
tion (12), as a function of time. We have chosen a
critical value Rm, = 100 for the onset of dynamo ac-
tion, which is standard in dynamo studies. Our re-
sults show a more pessimistic view than the one pre-
sented in Landeau, Fournier, et al. (2022), in which
the Rm values seem overestimated due to the chosen
upper bound value a; =1 in the velocity scaling law.
Indeed, taking all uncertainties into account (e.g. on
a; in the scaling law), we see that the Rm value is
rather loosely constrained during most of the Hadean
and Archean eons. The uncertainties in the Earth-
Moon model yield Rm values that can vary by a fac-
tor 2, and those in scaling law (28) even yield more
larger variations. As such, tidally driven dynamo ac-
tion might have well never existed or ceased —4.25 Gy
ago, or even have operated until the flow turbulence
ceased near —3.25 Gy. Therefore, a putative tidally
driven dynamo was likely less super-critical than pre-
viously thought. Smaller Rm values not only narrow
the time window for a tidally driven dynamo, but also
weaken the magnetic field possibly sustained by such
a mechanism. In particular, since the amplitude of
the tidal forcing decreases over time (see Figure 6b),
Rm~-Rm, decreases during the Hadean and Archean
eons. Hence, we expect the magnetic field driven by
tidal forcing to weaken over time. This may be at odds
with the paleomagnetic measurements shown in Fig-
ure 1(a), which may suggest that the (maximum) am-
plitude of the geomagnetic field did not vary much
between —3.5 and —2.5 Gy. In the following, we fo-
cus on dynamo action during the late Hadean and
Archean eras (where more powerful tidally driven dy-
namos may be expected).

Since state-of-the-art DNs cannot properly inves-
tigate dynamo action for realistic cMB geometries
and in geophysical conditions (even for convective
flows in spherical geometries), appropriate scaling
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Figure 8. Magnetic Reynolds number Rm as a function
of age 7. Second y-axis shows the amplitude % of the
expected turbulence according to formula (28) when
7<-3.25 Gy. Gray zone shows the non-dynamo region
Rm < Rm, with Rm¢=100. Predictions younger than
—3.25 Gy are hidden, since the elliptical instability was
not triggered (see Figure 6b). Prior bound from Landeau,
Fournier, et al. (2022) has been included for comparison.
Geological eons are also shown (H: Hadean, A: Archean).

laws must be developed to establish a connection be-
tween dynamo modelling and geophysical parame-
ters. We assume that Rm-Rm, was large enough at
that time, to render the proposed scaling laws for dy-
namo action in the vicinity of the onset invalid (e.g.
Fauve and Pétrélis, 2007). A fruitful approach in dy-
namo theory is to consider power-based scaling laws
(Christensen and Aubert, 2006; Christensen, 2010;
Davidson, 2013). For convection-driven dynamos,
such laws are often tested against numerical results
regardless of the parameters (e.g. Oruba and Dormy,
2014; Schwaiger et al., 2019), and have provided use-
ful insight into planetary extrapolation. In such scal-
ing theories, the saturated magnetic energy density
per unit of mass, which is given by
1 B’ 1 B?
EB)=——| —dV~—-——— (29)
prV.Jv2u 2prup

where p ¢ is the mean fluid density and B is a typical
magnetic field strength in the dynamo region, should
be somehow related to the available power per unit
of mass for dynamo action &2y, = 22/ (p V), where &
is the mean energy production rate (in W), and to the
Joule dissipation per unit of mass given by

1
prVJv

BZ
ZleB|2dV~ o 30)

€ 5
! pru s
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where ¢ ~ \/2n&(B)/e, is a magnetic dissipation
length scale. Note that ¢, is expected to dominate
over the viscous dissipation €, for a turbulent dy-
namo when Pm « 1. Here, we follow Davidson
(2013) to assume that, in the low-Ro regime char-
acterising the Earth’s core, the magnetic field solely
scales with &, and R.mp. If so, we obtain from di-
mensional analysis that

Bo< \/pri (Remb @) 2. 31)

Plugging typical values for the current Earth’s liquid
core (i.e. py ~ 10 kgm~3, 2 ~ 1-10 TW) into Equa-
tion (31) yields B ~ 1-3 mT, which is a satisfactory up-
per bound for the current magnetic field amplitude
atop the core (e.g. Gillet et al., 2010). This law gen-
eralises previous laws for buoyancy-driven dynamos
(e.g. Christensen, Holzwarth, et al., 2009), which as-
sume that B varies with the advected energy flux to
the power 1/3. As such, scaling law (31) is often
a cornerstone for extrapolation to natural dynamos.
However, in practice, other laws may also be rele-
vant (e.g. see in Appendix A for weakly turbulent dy-
namos). Finally, for the comparison with paleomag-
netic data, note that only upper bounds are gener-
ally obtained from scaling law (31). Indeed, the sur-
face field atop the dynamo region is usually only a
fraction of typical field amplitude B (e.g. Aubert, Gas-
tine, et al., 2017). Moreover, the surface field is not al-
ways purely dipolar. This is measured by introducing
the dipolar fraction 0 < fy;, <1 as a pre-factor in the
dynamo scaling law (Christensen and Aubert, 2006).
Numerical simulations show that self-sustained dy-
namos can have very different values of fgj, over the
parameter space, as reported for convection-driven
(e.g. Oruba and Dormy, 2014; Schwaiger et al., 2019)
or precession-driven dynamos (Cébron, Laguerre, et
al.,, 2019). Therefore, only a fraction of the produced
dynamo field has a dipolar morphology at the cMms.
Without further knowledge, we will discard such pref-
actors for tidally driven dynamos below, to focus on
upper-bound estimates.

Next, could we faithfully use scaling law (31) for
tidally driven dynamos? Since there are no dynamo
simulations of tidal flows in ellipsoids against which
we can compare theoretical predictions, we cannot
be assertive. However, we expect the above power-
based arguments to remain largely valid for orbitally
driven flows. We have re-analysed in Figure 9 magne-
tohydrodynamics simulations of tidally driven flows
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Figure 9. Simulations of tidally driven flows at moder-
ate values of Ro, performed in Cartesian periodic boxes of
unit length L at Pm = 1. Data from Barker and Lithwick
(2014). Typical magnetic field amplitude B defined from
Equation (29), as a function of total dissipation € = €y + €n-

performed in Cartesian periodic boxes at Ro > 1072
(Barker and Lithwick, 2014). Note that it was not pos-
sible to separate €, and ¢, in the re-analysis of the
published magnetohydrodynamic simulations. Yet,
a good agreement is found with scaling law (31), as-
suming that 2y ~ €, +¢€,, in a statistically steady state.
Such observations are very promising, but quantita-
tive applications to planets remain somehow specu-
lative at present for tidal forcing. Indeed, it is difficult
to safely estimate 27y, for geophysical conditions.

3.4. Towards planetary conditions

We have found that dynamo scaling law (31) is likely
valid for tidally driven flows. However, it remains
difficult to apply this law in practice, because tidally
driven turbulence is still poorly understood at plan-
etary core conditions. To make progress in this di-
rection, we first present in Section 3.4.1 the argu-
ments that underpin our planetary extrapolation in
Section 3.4.2.

3.4.1. Heuristic rationale

We can further analyse the dynamo simulations
presented in Figure 9, as they can guide us for the
planetary extrapolation below. Indeed, these sim-
ulations were performed for moderate values of
the Rossby number Ro > 1072, for which scaling
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arguments have been proposed in rotating turbu-
lence. In such a regime, rotating turbulence usually
exhibits strong nearly two-dimensional (geostrophic)
flows (e.g. Le Reun, Favier and Le Bars, 2019; Le
Reun, Gallet, et al., 2020). Two different scaling the-
ories have been proposed when Ro < 1, such that
that the mean viscous dissipation could either scale
as (Nazarenko and Schekochihin, 2011; Baqui and
Davidson, 2015)

u;”,éi u?”,[i
T Ty
where uy, ¢, is the velocity amplitude at the length
scales ¢| and ¢ (where ¢ is the length scale parallel
to the rotation axis, and ¢ is the one perpendicular
to it). We see that we recover from the two formulas
the usual Kolmogorov prediction €, ~ u;/ ¢ for ho-
mogeneous isotropic turbulence when I, = [ = /.
Assuming that ug, ,, S % and ¢, ~ ¢ ~ ( at large
scales, the two laws should reduce at large scales to

3
€y ~ %7 x B 33)

(32a,b)

€y

where ¢ is some length scale and % is the flow am-
plitude given by Equations (28a,b). As illustrated
in Figure 10, it turns out that the total dissipation
€ = €y + €5 in the dynamo simulations is in very good
quantitative agreement with the above scaling law
(i.e. when ¢, is replaced by €). Moreover, dynamo
action operates in a weak-field regime (not shown)
with &(B)/&(u) < 1, where & (u) is the kinetic energy.
These results show that, for planetary extrapo-
lation, the injected power 22y, for dynamo action
can be estimated from the bulk dissipation sustained
by the turbulent flows in a statistically steady state.
Moreover, the theoretical prediction laws could hold
in a dynamo regime by considering the total dissipa-
tion (instead of the viscous one). Such heuristic find-
ings are consistent with the fact that, in the nonlinear
regime, the elliptical-instability mechanism involves
inertial-wave motions. Indeed, inertial waves are
barely affected by magnetic effects in realistic core
conditions, and are such that &(B)/& (u) < 1. This re-
sults from the dispersion relation of magnetohydro-
dynamic waves in unbounded fluids (e.g. K. H. Mof-
fatt and Dormy, 2019), and have also been obtained
numerically in an ellipsoid (Vidal, Cébron, ud-Doula,
et al., 2019; Gerick, Jault, et al., 2020). It is also worth
noting that mean-field dynamo theory shows that
turbulent interactions of inertial waves could sustain
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Figure 10. Simulations of tidally driven flows at moderate
values of Ro, performed in Cartesian periodic boxes of unit
length L at Pm = 1. Data from Barker and Lithwick (2014).
Total dissipation €y + €y as a function of equatorial elliptic-
ity B. Inset shows the magnetic field amplitude as a func-
tion of B.

weak-field dynamo action (H. K. Moffatt, 1970a; H. K.
Moffatt, 1970b). Therefore, we assume below that in-
ertial wave motions play a key dynamical role in sus-
taining a weak-field dynamo regime driven by tidal
forcing, which will allow extrapolating our theoreti-
cal laws to the Earth.

3.4.2. A plausible extrapolation

The regime Ro < 1 described above could ap-
ply to short-period Hot Jupiters (e.g. Barker and
Lithwick, 2014; Barker, 2016a) or binary systems
(e.g. Vidal, Cébron, ud-Doula, et al., 2019), in which
tidal forcing can be much stronger such that large
values 8 — 1072 could be obtained. On the contrary,
the Earth’s core is characterised by much smaller val-
ues Ro ~ 1077-1076. For such small values Ro <« 1,
tidal forcing is believed to sustain a regime of inertial-
wave turbulence (Le Reun, Favier, Barker, et al., 2017;
Le Reun, Favier and Le Bars, 2019; Le Reun, Favier
and Le Bars, 2021). This is a regime of weak tur-
bulence, characterised by weakly nonlinear interac-
tions of three-dimensional inertial waves. Like in
Kolmogorov turbulence, inertial-wave turbulence in-
volves energy being injected at some large scale, de-
noted by ¢ below. This energy is then transmitted
to smaller scales via a direct cascade in an inertial
range, in which the input power is balanced by dissi-
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pation at every scale, until energy is finally dissipated
at sufficiently small scales at a rate ¢. However, con-
trary to isotropic homogeneous turbulence, inertial-
wave turbulence is described by an anisotropic en-
ergy spectrum (Galtier, 2003; Galtier, 2023), depend-
ing on the two length scales ¢ = ¢, introduced
above.

By analogy with the regime Ro < 1 described in
Section 3.4.1, we assume that the injected power %y,
available for dynamo action can be estimated in a
statistically steady state from the dissipation € of tur-
bulent flows given by wave-turbulence theory when
Ro « 1. This rests on the fact that inertial waves
are barely modified by magnetic effects at core con-
ditions, such nonlinear interactions of almost pure
inertial waves will still be triggered in a weak-field
dynamo regime. The main difference with the pure
hydrodynamic regime would be that, for small val-
ues Pm < 1, the dissipation would occur on a dif-
fusive magnetic length scale larger than the viscous
one, such that the width of the inertial range (in the
wavenumber space) would be shortened compared
to the hydrodynamic case. Hence, we estimate the
effective dissipation as (Galtier, 2003; Galtier, 2023)

4| ”Z/ L

€Rox1 ~ 5

I sti

with an expected 0(1) pre-factor from theory (Ze-
man, 1994; Y. Zhou, 1995), where uy, ¢, is the veloc-
ity amplitude at the length scales ¢ = . Since the
dissipation is a constant in the theory, it can be esti-
mated from the knowledge of u/ ¢, at some length
scales.

Figure 6(b) shows that tidal forcing can only inject
energy at rather large scales ¢ (i.e. at fraction of the
core radius denoted by a, below), for which we may
assume ¢ | ~ ¢ ~ ¢. Moreover, scaling law (28) shows
that ug ¢, < 9 atlarge scales. Altogether, this allows
us to estimate the mean dissipation in a regime of
inertial-wave turbulence as

02[4
Q.2
for tidal forcing, with ¢ = a2 R.mp and ap = 0.01-1.
Formula (35) is compatible with an energy spectrum
scaling as ¢2 at large scales (Galtier, 2003), which is
consistent with prior studies in rotating turbulence
(e.g. Baroud et al., 2002; Thiele and Miiller, 2009; P-Y.
Li and Xie, 2025). For completeness, we remind the
reader that another predictive law ought to be used

(34)

€Ro<1 S (35)

for tidally driven turbulence with moderately small
values Ro < 1. This should be given by dissipation
law (33) as explained above, together with an energy
injection at the large scale ¢ = asR.mp with a» =
0.01-1 that is consistent with Figure 10.

Finally, we can combine Equations (33)—(35) with
dynamo scaling law (31) to obtain

a;1 B3y ifRo<1
Box /priii 2 ~ (36)
pfu{az‘mRo”g% if Ro 1

for tidal forcing in the early core, which yields

B ifRo<1
Bx ~
B3 ifRo<1

by using scaling law (28) for the amplitude of turbu-
lence. Note that the magnetic field amplitude is ex-
pected to be Ro'’® smaller when Ro < 1 than in a
nearly two-dimensional (geostrophic) regime at Ro <
1. We can also calculate from law (36) the ratio of
the magnetic energy to the kinetic energy per unit of
mass & (u) as

837

a,?3 ifRo<1
a;*®Ro*® if Ro< 1.

Hence, only weak-field dynamos with &(B)/& () < 1
are expected for a wave-turbulence when Ro <« 1.
The predictions from scaling law (36) as a func-
tion of the age are illustrated in Figure 11. We obtain
as a typical estimate B ~ 107°-1073 mT during the
Hadean period 4.25-4 Gy ago (i.e. when tidal forcing
was maximal), and the field amplitude would then
ultimately decrease until —3.25 Gy (since tidal forc-
ing had a decreasing amplitude during the Archean
era). The predicted amplitudes are thus at least ten
times smaller than the cmB field B.yp, which is
estimated from surface measurements with Equa-
tion (1). Therefore, it seems unlikely that the an-
cient geodynamo was solely sustained by a wave-
turbulence regime at Ro <« 1 driven by tidal forcing.

&(B)/&(u) x { (38)

4. Geophysical discussion

Our extrapolation suggests that tidal forcing may
have been too weak to generate a dynamo mag-
netic field with an amplitude matching the (scarce)
Hadean and Archean paleomagnetic measurements,
at least for flows in a wave-turbulence regime. Since
several assumptions were made to arrive at this con-
clusion, we discuss below if our main results could be
modified or not by adopting other modelling choices.
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Figure 11. Paleointensity at the cMB B¢y, reconstructed
Figure 1 using Equation (1) with Rs; = 6378 km and R .y, =
3480 km, and upper bounds for B (dotted and dashdot
lines) from scaling law (36) when Ro <« 1. Numerical es-
timates using py = 1.1 x 10* kgm~3 for a mean density
(accounting for the mass of the outer and inner cores),
n=1m2s"1, and g =4 x 1077 Hm™!. Geological eons
are also shown (H: Hadean, A: Archean).

4.1. Influence of the orbital scenario

Obviously, one source of uncertainty arises from the
parameters given by the orbital scenario, which was
less constrained in the distant past. We have here
employed the semi-analytical model by Farhat et
al. (2022), as it fits most of the available geological
proxies for the history of the Earth—-Moon system and
reproduce the age of the Moon’s formation fairly well.
However, we should assess how the results could be
affected by adopting other orbital scenarios. Most
models reasonably well agree on the recent Earth—
Moon evolution (i.e. after —1 Gy), as they are con-
strained by geological data. However, the models can
significantly differ further back in time.

The comparison between different orbital mod-
els is shown in Figure 12. Note that we have dis-
carded models that cannot be extrapolated during
the Hadean and the Archean eras (e.g. Green et al.,
2017; Zeeden et al., 2023; M. Zhou et al., 2024). We
find that the presented models fall within the error
bars of the model by Farhat et al. (2022). This is
probably due to the conservation of angular momen-
tum that is enforced in all the models, which gives
good constraints on the Earth-Moon distance for a
given value of the Earth’s spin rate. Yet, the evolu-
tion curves can differ in time between the models.
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Figure 12. Uncertainties in the orbital model. Compari-
son between the predictions in the distant past from differ-
ent orbital models (Touma and Wisdom, 1994; Tyler, 2021;
Farhat et al., 2022) for the Earth-Moon distance a;/Rg and
the length of day. Inset is analogous to Figure 4(a), and to
Figure 6 in Eulenfeld and Heubeck (2023). Geological eons
are also shown (H: Hadean, A: Archean, P: Proterozoic).

In particular, the model by Tyler (2021) does not re-
produce the estimated age of the Moon, overestimat-
ing the Earth-Moon distance during the Hadean and
Archean eras. A similar conclusion can be drawn for
Daher et al. (2021), as shown in Figure 6 of Eulenfeld
and Heubeck (2023). On the contrary, the model by
Touma and Wisdom (1994) is found to be quite close
to the orbital model by Farhat et al. (2022). Conse-
quently, our results already account for most of the
uncertainties of the community regarding the orbital
scenario. However, the next generation of orbital
models may change the overall picture.

4.2. Rheological uncertainties

Another key quantity in the model is the present-
day value of the equatorial ellipticity $(0) at the cmB.
Seismological observations of the peak-to-peak am-
plitude of the cMmB topography (e.g. Koper et al., 2003;
Sze and van der Hilst, 2003) suggest that the current
value of the equatorial ellipticity may be order-of-
magnitude larger than our considered value in Equa-
tion (18). However, as this elliptical deformation re-
sults from mantle dynamics, it is nearly in phase
with the spin frequency of the Earth (i.e. AQ = 0).
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As such, we do not expect this elliptical deforma-
tion to play a role in the elliptical-instability mech-
anism. This is only the asynchronous component of
the ellipticity, which is driven by tidal forcing, that is
able to drive an elliptical instability inside the liquid
core. The amplitude of the tidal potential is quite well
constrained at the present time Agnew (2015), such
that the main uncertainties on the value of $(0) prob-
ably come from the mantle’s rheology.

We have employed the pPREM model (Dziewonski
and Anderson, 1981) to account for the Earth’s rhe-
ology in Figure 3. More recent Earth models could
naturally be used together with the open-source
code TipALPY (Renaud, 2023), but this is beyond the
scope of the present study. More importantly, we
have assumed that the mantle remained rigid over
time. This seems to be a reasonable assumption
throughout most the Earth’s history, but the Earth’s
mantle was probably molten after the giant impact
that formed the Moon (at least partially, e.g. Naka-
jima and Stevenson, 2015). Then, a crystallising basal
magma ocean (BMo) probably survived in the after-
math for millions of years to a billion of years (e.g.
Labrosse et al., 2007; Boukaré et al., 2025). How such
a BMO could have interacted with tidal forcing re-
mains largely unknown (e.g. Korenaga, 2025a; Kore-
naga, 2025b; Korenaga, 2025c¢), as well as its possible
interactions with core flows. A crude extrapolation
of old fluid-dynamics experiments on the spin-up of
rotating immiscible fluids (Pedlosky, 1967; O’'Donnell
and Linden, 1992) might suggest that cmB dissipa-
tion is not significantly reduced in the presence of
a low-viscosity Bmo (due to interfacial friction with
the core, and Ekman friction with the solid mantle
above). However, further work is needed to elucidate
this question.

4.3. Early core’s conditions remain elusive

In addition to the orbital parameters and mantel-
lic properties, there are also uncertainties regarding
the physical state of the liquid core in the distant
past. In particular, additional dissipation mecha-
nisms may have operated within the core, hindering
the onset of tidally driven turbulence over geological
timescales.

4.3.1. Hydrodynamic dissipation in the core

The value of the core’s viscosity v appears to be an-
other physical quantity of interest when determining
the occurrence of tidally driven turbulence. Indeed,
as shown in Figure 6, it controls the leading-order
damping inhibiting the growth of unstable flows. We
have chosen the standard value v =107 m?-s™! (e.g.
de Wijs et al.,, 1998), but the core value may be be-
tween 1077 m?-s~! and 3 x 107® m?-s~! (Mineev and
Funtikov, 2004). Thus, in Figure 6, the damping term
may be decreased by a factor of v/10 = 3 with the low-
est value, or increased by a factor V3 = 2 with the
largest one. Similar effects could be obtained if the
liquid core were rotating in the bulk faster or slower
than the mantle. We have here assumed that the lig-
uid core is co-rotating with the mantle at the angular
velocity Qg, but the core may be rotating a bit faster
than the mantle according to some tidal models (e.g.
Wabhr et al,, 1981). Our model would then remain
largely unchanged, except that the value of E would
be smaller as it must be based on the fluid rotation
(see in Greenspan, 1968).

Note that possible interactions between tidal forc-
ing and buoyancy effects, such as with either con-
vective flows or density stratification, could also pro-
vide additional dissipation mechanisms in the core.
Convection would essentially sustain slowly varying
flows in the core, whereas tidal forcing may mainly
trigger high-frequency motions with inertial-wave
turbulence. Because of this separation of time scales,
strong interactions are not expected between both
flows (unless convective flows could locally cancel
out the rotation of the core, e.g. de Vries et al., 2023a;
de Vries et al., 2023b). Convection would then pro-
vide an additional damping, but the latter might
be rather weak for fast tidal forcing (e.g. Duguid et
al., 2020a; Duguid et al., 2020b; Vidal and Barker,
2020a; Vidal and Barker, 2020b). Note that the early
core may have been instead (at least partially) sta-
bly stratified in density, according to thermal evo-
lution modelling (only for large values of the ther-
mal conductivity of liquid iron at core conditions,
e.g. Labrosse, 2015) or if the early core had been in-
sufficiently mixed after giant impacts (Landeau, Ol-
son, et al., 2016). In this case, density stratification
would not modify the largest growth rate of the el-
liptical instability ¢’ (Vidal, Cébron, ud-Doula, et
al,, 2019). Similarly, boundary-layer theory suggests
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that the value of the damping rate would not change
much with a stable density stratification (Friedlan-
der, 1989), such that the predictions shown in Fig-
ure 6(b) may remain quantitatively accurate. How-
ever, preliminary simulations show that density strat-
ification could significantly weaken the strength of
radial flows and mixing (Vidal, Cébron, Schaeffer, et
al., 2018). We may thus expect dynamo action to be
less favourable with stratification, but further work
is needed to carefully investigate the interplay with
density stratification.

4.3.2. What about magnetic damping?

It is unclear whether the early core was subject to
strong magnetic effects during the Hadean era, that
is before an undoubted dynamo action was recorded
in paleomagnetic data. However, the Earth’s core had
a magnetic field since from at least —3.5 Gy, what-
ever its dynamical origin. Hence, we may wonder
if the presence of an ambient magnetic field (possi-
bly of different origin) could alter the onset of tidally
driven flows within the core during the Archean
era.

Actually, the elliptical-instability mechanism
would be largely unchanged in the presence of a
background field. To quantify magnetic effects, we
usually introduce the Lehnert number defined as

Bemb

Le= —————.
QsRemb+/OfFE

(39

A typical value is Le ~ 107*-1072 in the early core,
which is similar to the current value in the Earth’s
core. For such low values, the (high-frequency) in-
ertial waves responsible for the elliptical instabil-
ity are only weakly affected by the magnetic field
(only in the absence of an inner core, otherwise see
in Lin and Ogilvie, 2018). Given the expected forcing
frequency (in dimensionless units) |1 —Qq, /Qg| > Le
of tidal forcing inside the early core, the injection of
energy can only come from resonances with nearly
inertial waves in the resonance condition (e.g. Ker-
swell, 1994; Vidal, Cébron, ud-Doula, et al., 2019).
Then, the diffusionless growth rate o’ of the ellipti-
cal instability, given in Equation (21), will remained
unchanged at the leading order in Le. However,
Ohmic diffusion below the cmB will provide an ad-
ditional magnetic damping term ¢” in the growth

rate equation. Kerswell (1994) showed that the mag-
netic damping ¢" and the viscous one ¢" are proba-
bly of comparable order of magnitude for plausible
core fields. Therefore, the effective damping term
in Figure 6 may be increased by a factor of (up to)
two. To summarise, if we consider an ambient mag-
netic field in the early core, tidal forcing may not have
been strong enough to sustain turbulence during the
Hadean and Archean eras.

4.4. Scaling-law uncertainties

The presented tidal scenario heavily relies on differ-
ent scaling laws, which must be used to extrapolate
the results in the turbulent regime to core condi-
tions. We have done our best to constrain the var-
ious scaling laws as much as possible, by uniquely
combining an Earth-Moon evolution scenario with
theoretical results and re-analyses of the most up-
to-date numerical simulations of tidally driven tur-
bulent flows. Yet, other modelling uncertainties also
call the dynamo extrapolation into question. In par-
ticular, the outcome of turbulent tidally driven flows
and dynamo action remains uncertain as discussed
below.

4.4.1. Comparison with earlier works

We have shown in Figure 8 that the prior predic-
tions presented in Landeau, Fournier, et al. (2022)
are likely overestimated, since we have used the same
modelling assumptions in our study. This mainly
results from the chosen numerical prefactors in the
different extrapolation laws, which were set to unity
for a first proof-of-concept study.

Notably, we have revisited the value of a; in ve-
locity scaling law (28), showing that a; = 1 dis-
agrees with the available numerical results gath-
ered in Figure 7. Instead, the numerical simulations
suggest that a; = 0.25+ 0.15 for planetary extrap-
olation. Note that we have estimated the value of
% directly from u.. Actually, we found that |u,| ~
0.7-0.8|u| for most of the dynamo simulations pre-
sented in Figures 9 and 10, where |u| is estimated
from the kinetic energy &(w). This is in good agree-
ment with a preliminary estimate of the radial mix-
ing induced by tidally driven flows (see Figure 4 in
Vidal, Cébron, Schaeffer, et al., 2018). However, if
the horizontal mixing were also important for dy-
namo action, the velocity prefactor a; may be in-
creased up to 0.6. Yet, this would only lead to a
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small increase of the magnetic field amplitude (see
the dashdot line in Figure 11). Future research work
may thus shed new light on this estimate. For in-
stance, it is unknown whether the value of a; could
be increased or not when E is lowered (and simi-
larly B) but, heuristically, we always expect a; < 1
to sustain tidally driven turbulence in the core over
long time scales. Otherwise, tidally driven turbulent
flows would become of the same amplitude as the
shear component of the forced flow Uy when a; — 1,
which would temporarily stop the injection of energy
and hinder the development of a wave-turbulence
regime. This may echo some peculiar regimes in ro-
tating turbulence, which are sometimes observed in
experiments involving growth-and-collapse phases
(e.g. McEwan, 1970; Malkus, 1989). We might also
obtain during the energy growth regimes of self-
killing dynamos (e.g. Reuter et al., 2009; Fuchs et
al., 1999), which have already been reported in
simulations of precession-driven flows in a sphere
(Cébron, Laguerre, et al., 2019). If such exotic regimes
were obtained, our theoretical predictions for the
flow turbulence and its dynamo capability would be
invalid.

Finally, there are also strong uncertainties asso-
ciated with dynamo scaling law (31). Obviously,
the lack of numerical methods for simulating self-
sustained dynamos in ellipsoids currently hampers
our ability to assess its validity for planetary relevant
regimes. For instance, the inset of Figure 10 shows
that the simulations are compatible with

B~ 0.55,/p /i (Rembe) '3, (40)

where ¢ is given by scaling law (33) in the Ro <1
regime. The observed numerical prefactor in the
above law shows that the dynamo scaling laws
generally come with non-unit numerical prefac-
tors. For instance, the dynamo predictions could be
overestimated by a factor of nearly 2 if the observed
prefactor were the same in the Ro <« 1 regime.

4.4.2. Disputed wave-turbulence regime

We have assumed that tidal forcing establishes a
regime of inertial-wave turbulence, as often postu-
lated after Le Reun, Favier, Barker, et al. (2017), Le
Reun, Favier and Le Bars (2019), and Le Reun, Favier
and Le Bars (2021). However, inertial-wave turbu-
lence is a research topic that is far from being well un-
derstood, especially because it is very challenging to

obtain in simulations or in laboratory experiments.
As such, current investigations still strive observ-
ing predictions of wave-turbulence theory in set-ups
mimicking as much as possible the theoretical model
(e.g. Yarom and Sharon, 2014; Monsalve et al., 2020).
Therefore, it is still unclear whether the quantitative
predictions of wave turbulence theory could be di-
rectly applied to rotating turbulent flows in bounded
geometries at Ro < 1, such as in the early Earth’s core
with Ro ~ 1077, On the contrary, Figure 10 shows
that simulations at moderate values Ro ~ 1072 al-
ready agree fairly well with the dissipation law (33).

Moreover, how magnetic effects modify inertial-
wave turbulence remains speculative so far. We con-
jecture that inertial-wave turbulence can persist in
a weak-field dynamo regime, since high-frequency
inertial waves are barely affected by magnetic fields
in an ellipsoid. The main difference would be that
the dissipation would occur on a diffusive magnetic
length scale for small values Pm <« 1. This may agree
with the qualitatively view drawn from magnetohy-
drodynamics simulations of tides (Barker and Lith-
wick, 2014; Vidal, Cébron, Schaeffer, et al., 2018) and
precession (Barker, 2016b; Kumar et al., 2024), show-
ing that the obtained turbulence could be largely
unchanged in a weak-field dynamo regime. Future
numerical works, for instance using local simula-
tions at smaller values of Pm, may shed new light on
this point.

4.4.3. A magnetostrophic dynamo regime?

Apart from wave turbulence, another possibility
could be that tidally driven turbulence at Ro < 1
could be in a regime of geostrophic turbulence char-
acterised by the presence nearly two-dimensional
(geostrophic) flows. This would challenge the appli-
cability of wave-turbulence theory when Ro <« 1 (e.g.
Gallet, 2015), since geostrophic flows are filtered out
in the wave-turbulence theory. However, a regime
of hydrodynamic geostrophic turbulence is likely to
be modified by magnetic effects. This notably rests
on the properties of low-frequency waves in rotat-
ing systems subject to magnetic effects. Indeed, slow
quasi-geostrophic wave motions morph into various
low-frequency waves shaped by the magnetic field,
such as torsional Alfvén waves (e.g. Luo and Jackson,
2022) and magneto-Coriolis waves (e.g. Luo, Marti,
et al., 2022; Gerick and Livermore, 2024). Conse-
quently, a magnetostrophic regime is expected to su-
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persede purely geostrophic turbulence when Ro « 1
(e.g. Hollerbach, 1996). In such a regime, the Corio-
lis force could balance the Lorentz force such that B
would be given by (e.g. Christensen, 2010)

Boc \/prpV IgQs%. (41)
Formula (41) would then give the field estimate B <
5 mT in the early Earth’s core at —4 Gy, using the
same physical parameters as in Figure 11 and with
fg/Remp = 0.02 as in (as in Starchenko and Jones,
2002). A magnetostrophic regime may be a better
candidate than inertial-wave turbulence to reach a
strong-field dynamo regime. Unfortunately, there
is no evidence so far that magnetostrophy could be
achieved with tidal forcing.

5. Concluding remarks
5.1. Summary

We have thoroughly explored the capability of tidal
forcing to explain the ancient geodynamo. We have
combined geophysical constraints from Earth-Moon
evolution models, theoretical predictions, and re-
analyses of recent results on tidally driven turbu-
lent flows. This has allowed us to show that tidal
forcing was likely strong enough to sustain turbu-
lence prior to —3.25 Gy, and possibly dynamo action.
However, the self-sustained magnetic field was cer-
tainly too weak to explain paleomagnetic measure-
ments if tides were only sustaining an inertial-wave
turbulence regime in the ancient core. We hope that
our results will guide future studies of tidally driven
flows, to possibly strive beyond the limits we have
identified. For example, we outlined that magne-
tostrophic turbulence driven by tidal forcing might
produce a strong-field dynamo consistent with the
observations. However, evidence of such a tidally
driven regime remains to be found.

Alternatively, other mechanisms in the core could
be invoked to explain the ancient geodynamo (see
in Landeau, Fournier, et al.,, 2022). For instance,
the cMmB heat flow extracted by mantle convection
could power thermal convection in the ancient core
(e.g. Al Asad and Lau, 2024), but this requires low-to-
moderate values of the thermal conductivity of liq-
uid iron at core conditions (e.g. Hsieh et al., 2025;
Andrault et al., 2025). Alternatively, exsolution (or
precipitation) of light elements below the cmB could

sustain double-diffusive turbulent convection in the
core (e.g. Monville et al., 2019). Yet, a difficulty with
such mechanisms may be to obtain vigorous enough
turbulence, or to sustain magnetic fields with a dipo-
lar morphology. Actually, a weak tidally driven dy-
namo might have been important in providing an op-
timal magnetic seed of finite amplitude to kick-start
an efficient convection-driven geodynamo (Cattaneo
and Hughes, 2022).

5.2. Towards precession in the Moon?

Beyond Earth, the Moon is another planetary body
for which we have geological samples that could help
to understand planetary dynamos over long time
scales. The analysis of Apollo samples (Figure 13)
has revealed that the Moon had a planetary dynamo
field in the distant past (e.g. Wieczorek et al., 2023),
with a (possibly intermittent) magnetic activity from
about —4.2 Gy until at least —1.9 Gy. Recent analy-
ses confirmed that the Moon was first characterised
by a high-field epoch (Lepaulard et al., 2019; Jung et
al., 2024), which persisted from ~3.9 until ~3.5 Gy
ago, with measured surface field intensities of 40—
110 pT. This high-field period was then succeeded by
an epoch with a declining field (Tikoo, Weiss, Cas-
sata, et al.,, 2014; Strauss et al.,, 2021), whose sur-
face amplitude fell to below 10 uT after —3.5 Gy.
Note that it remains unclear whether a lunar core dy-
namo was long-lived (e.g. Cai, Qi, et al., 2024; Cai,
Qin, et al., 2025), episodic (e.g. Evans and Tikoo,
2022), or instead limited to the first hundred millions
of years of the Moon’s life (T. Zhou, Tarduno, Cot-
trell, et al., 2024). In any case, the magnetic activ-
ity certainly ceased between —1.9 and —0.8 Gy (Tikoo,
Weiss, Shuster, et al., 2017; Mighani et al., 2020).
Actually, such paleomagnetic data put very tough
constraints for dynamo action inside the ancient
Moon. As inferred from Equation (1), any viable
dynamo scenario should be capable of generating a
magnetic field that is 10 larger in the Moon’s core
than in the Earth’s one, despite its core radius being
about 10 times smaller (e.g. Bepp ~ 10-70 mT dur-
ing the high-field epoch, with Ry, = 200-380 km).
However, standard dynamo scenarios currently fail
to explain the observed field values (Wieczorek et al.,
2023). It has been proposed that the ancient Moon'’s
dynamo could result from precession-driven flows
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Figure 13. Paleointensity at the Moon’s surface, inferred
from Apollo rocks. Olive region: high-field dynamo epoch.
Old Apollo values extracted from Lepaulard et al. (2019).

(e.g. Dwyer et al., 2011), which have many dynam-
ical similarities with tidal flows (e.g. Vidal, Noir, et
al., 2024). The cEopyNamo team and its collaborators
have worked on precession for a long time, making
pioneering contributions to the hydrodynamics (e.g.
Noir, Jault, et al., 2001; Lin, Marti and Noir, 2015) and
magnetohydrodynamics (Lin, Marti, Noir and Jack-
son, 2016; Cébron, Laguerre, et al., 2019) of such
flows. The present work, at the crossroad of the GEo-
DYNAMO's research activities, may thus also guide fu-
ture studies of precession-driven flows.
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Supplementary materials

The maTLAB code used to compute the Earth’s flatten-
ing in Figure 3 is available at http://frederic.chambat.
free.fr/hydrostatic/ HYDROSTATIC_dec2011.zip. The
code TipaLPy used to compute the tidal deforma-
tions in Figure 3 is available at https://doi.org/10.
5281/zenodo.14867405.

Appendix A. A weakly turbulent dynamo law?

Scaling law (31) has proven to fairly well reproduce
the dynamo simulations shown in Figure 9. However,
other scaling laws may also be appropriate for or-
bitally driven dynamos. For instance, we can assume
that the magnetic energy saturates when the injected
power is statistically balanced by Joule heating (i.e.
P ~ €). This simple reasoning yields (Christensen
and Tilgner, 2004)

(2 1/2
Box \/pf—p(fe,,) : (42)

where ¢ is defined as in Equation (30). This scal-
ing law was found to agree quite well with numeri-
cal results (e.g. Christensen, 2010; Oruba and Dormy,
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Figure 14. Typical magnetic field amplitude B defined
from Equation (29), as a function of magnetic dissipation ¢,
in numerical simulations of precession-driven flows inside
a sphere (data from Cébron, Laguerre, et al., 2019). The
calculated magnetic dissipation length scale is g /R.yp, =
0.077 £0.046. Colour bar shows the value of log; (e / (€5 +
€y)) for each simulation.

2014). However, the above scaling law cannot gen-
erally be employed as a predictive dynamo law for
the extrapolation to planets. Indeed, ¢p is largely
unknown for core conditions, since it could be non-
constant and regime-dependent. Yet, it is some-
times assumed to be some fraction of the core radius
(as found in some simulations, e.g. Starchenko and
Jones, 2002). Similarly, relating ¢, to the input param-
eters of the problem is often elusive.

We have re-analysed in Figure 14 the dynamo sim-
ulations of precession-driven flows in a sphere re-
ported in Cébron, Laguerre, et al. (2019). The simula-
tions show that B o ¢;/* when B is estimated from
Equation (29), which agrees with scaling law (42).
Moreover, the magnetic length scale is found to only
weakly vary across the parameter space, which sug-
gests that the dynamos are not very turbulent.
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