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An impact-driven dynamo for the early Moon
M. Le Bars1, M. A. Wieczorek2, Ö. Karatekin3, D. Cébron1 & M. Laneuville2

The origin of lunar magnetic anomalies1–5 remains unresolved
after their discovery more than four decades ago. A commonly
invoked hypothesis is that the Moon might once have possessed a
thermally driven core dynamo3, but this theory is problematical
given the small size of the core and the required surface magnetic
field strengths6. An alternative hypothesis is that impact events
might have amplified ambient fields near the antipodes of the
largest basins7, but many magnetic anomalies exist that are not
associated with basin antipodes. Here we propose a new model
for magnetic field generation, in which dynamo action comes from
impact-induced changes in the Moon’s rotation rate. Basin-
forming impact events are energetic enough to have unlocked the
Moon from synchronous rotation8, and we demonstrate that the
subsequent large-scale fluid flows in the core, excited by the tidal
distortion of the core–mantle boundary9, could have powered a
lunar dynamo. Predicted surface magnetic field strengths are on
the order of several microteslas, consistent with palaeomagnetic
measurements5, and the duration of these fields is sufficient to
explain the central magnetic anomalies associated with several
large impact basins.

Magnetic field measurements of the Moon from orbit demonstrate
that portions of its crust are strongly magnetized1, and palaeomagnetic
analyses of lunar rocks show that some samples possess stable remanent
magnetizations2. However, the origin of the fields that magnetized the
crust and the manner by which the surface field strength varied with
time are still being debated3–5. Two facts lead us to propose a new model
for lunar magnetic field generation, in which a global field is generated
by a core dynamo that is powered by changes in the Moon’s rotation
rate following large impact events. The first observation is that six large
impact basins of Nectarian age (which are more than about 4 billion
years old) possess central magnetic anomalies10,11 (Fig. 1 and Sup-
plementary Fig. 1). These basins represent the clearest examples of
areas in which endogenous lunar features correlate with magnetic
anomalies, and for that reason offer an invaluable clue to the origin
of lunar magnetism. It is improbable that these magnetic anomalies
are caused by the mare basaltic lava flows present in these basins,
because the mare basalts are only weakly magnetic2 and similarly aged
basalts elsewhere on the Moon do not possess magnetic anomalies.
Impact cratering studies predict these events to have melted substantial
quantities of both the crust and the projectile, forming impact melt
sheets several kilometres thick12. Lunar impact melt rocks are by far the
most magnetic igneous rocks on the Moon2, and the central magnetic
anomalies associated with the Nectarian-age basins most plausibly
formed as their melt sheets cooled through their Curie temperatures
in the presence of a magnetic field. Given the large conductive cooling
timescales of these thick deposits, a stable magnetic field must have
been present for thousands of years immediately following the impact
event (Supplementary Information, section 4, and Supplementary
Fig. 10), and the only plausible means of generating such a field is a
core dynamo.

The second fact that bears on the origin of impact-basin-related
magnetic anomalies is that each of the corresponding impact events
would have significantly affected the rotational state of the Moon,

either by unlocking it from synchronous rotation (Supplementary
Information, section 3.1, and Supplementary Fig. 3) or by setting up
large-amplitude free librations8 (Supplementary Information, section
3.2). The rotation rate of the solid portion of the Moon would have
been instantaneously modified following these impacts, but its molten
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Figure 1 | Surface topography and total magnetic field strength of the 550-
km-diameter Crisium impact basin. a, Topography; b, magnetic field
strength ( | B | ). Two prominent anomalies are confined to the interior of this
basin, where a thick impact melt sheet is predicted. The magnetic field strength
is derived from the global sequential Lunar-Prospector-based model1 evaluated
30 km above the mean planetary radius, and the topography is from the Lunar
Reconnaissance Orbiter laser altimeter data30. Both images are displayed in a
Lambert azimuthal equal-area projection with an image width and height of
1,200 km, and are overlain by a shaded relief map derived from the surface
topography.
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core13 would have initially kept rotating at the pre-impact synchronous
rate and would thenhaveaccelerated ordecelerated muchmore gradually.
Differential rotation at the core–mantle boundary would persist for
thousands of years, potentially giving rise to hydrodynamic instabilities
that could drive a core dynamo. Not only would these basin-forming
impacts set up conditions under which highly magnetic impact melt
rocks could acquire a thermoremanent magnetization, but they could
also power a core dynamo to magnetize these rocks.

A huge amount of energy is stored in the spin and orbital motions of
any planet, and under certain circumstances a portion of this energy
can be used to drive three-dimensional flows in a fluid core. One
mechanism for this is the excitation of hydrodynamic instabilities
known as inertial instabilities. These instabilities involve a resonance
between two inertial waves of the rotating fluid and a large-scale natural
forcing, such as that from precession14,15, librations16 or tides9 (Sup-
plementary Information, section 1). The resulting fluid flows are highly
energetic (see the demonstration in ref. 15 in response to the initial
criticism in refs 17, 18) and dynamo capable, as has already been
demonstrated for precession19,20 (Supplementary Information, section
2). Regarding instabilities excited by tides (tidal instability21), laboratory
experiments9 have shown that a fully three-dimensional turbulent
flow develops in the bulk fluid when the ratio between the equatorial
ellipticity of the core–mantle boundary, b, and the square root of the
Ekman number, E (which represents the ratio between viscous and
Coriolis forces), is larger than a critical value of order one, and when a
difference in angular velocity exists between the mean rotation of the
fluid and the elliptical distortion of the fluid container. The root mean
squared velocity of the flow is then of the same order of magnitude as
the differential rotation22. In the case of the Moon, a lower-bound
estimate (Supplementary Information, section 3, and Supplemen-
tary Fig. 2) gives values of b between 1.9 3 1025 today and
1.5 3 1024 when the Earth–Moon separation was about half of its
current value, with corresponding Ekman numbers from 3 3 10212

to 10212. The ratio b/E1/2 is always greater than ten, allowing tidal
instabilities to develop in the lunar core over its entire history, pro-
vided that an instantaneous non-zero differential rotation is imposed
between the fluid core and mantle ellipticity.

The impact events that formed the large Nectarian-age impact
basins with magnetic anomalies could all have unlocked the Moon
from synchronous rotation8 (Supplementary Information, section
3.1). Given the relatively short resynchronization timescales, the pre-
impact tidal deformation of the core–mantle boundary would remain
frozen in the mantle, thus providing a differential rotation, DV,
between the fluid core and the elliptical distortion of the core–mantle
boundary. To generate a dynamo, two additional criteria must be met
(Methods and Supplementary Information, section 2): the time it takes
for the tidal instability to establish a fully turbulent state must be
shorter than the time it takes the core to spin up or down to the mantle
rotation rate, and the core flow must be vigorous enough that the
magnetic Reynolds number is larger than the threshold value for
dynamo action. The characteristic amplitude of the magnetic field
intensity in the core is then estimated by adapting scaling relations
developed for convective dynamos23–25 to our case of mechanical for-
cing. As for convective dynamos, the magnetic field strength at satura-
tion is controlled by the available mechanical power rather than by any
force balance. By assuming a turbulent core–mantle boundary layer13,26

as well as a rapid growth of the dynamo process, the magnetic field
strength at the surface of the Moon is estimated to be (Methods)

B<f ½0:0026m0rR2(DV)2�1=2(R=RMoon)3 ð1Þ
where RMoon and R are respectively the mean radii of the Moon and its
core, r is the core density, m0 is the magnetic constant (the permeability
of free space) and f is a prefactor of order one that expresses both the
efficiency of power conversion from viscous dissipation to Joule dis-
sipation and the ratio of the dipolar component of the exterior magnetic

field strength to the total core field strength. As a conservative estimate,
we use f 5 0.13 (Methods).

The expected magnetic field strength at the surface of the Moon is
shown in Fig. 2 for Earth–Moon separations ranging between 25 and
55 Earth radii and for post-impact spin periods of between 3 and 35
days (see also the more detailed discussion in Supplementary
Information, section 3.1, and Supplementary Figs 4–7). The Earth–
Moon separation was probably less than 45 Earth radii in the
Nectarian period, and the current separation is 60 Earth radii. The
post-impact rotation rates following the formation of a 700-km-
diameter basin with an average impact geometry are shown in red in
Fig. 2 (Supplementary Information, section 3.1, and Supplementary
Fig. 3). Other impact geometries, or a succession of impacts closely
spaced in time, could have given rise to either larger or smaller changes
in the rotation rate. In Fig. 2a, the tidal instability growth rates were
calculated using the hydrostatic core–mantle boundary ellipticity. Given
that the lithosphere of the Moon is not in hydrostatic equilibrium, this
generates an additional gravitational potential at the core–mantle
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Figure 2 | Estimated magnetic field strength at the Moon’s surface as a
function of Earth–Moon separation and post-impact rotational period.
Field strengths are plotted only when dynamo generation is possible. Also
shown are the synchronous rotation rate of the Moon (black lines) and the
expected range of rotational periods following the formation of a 700-km-
diameter basin by a 5 km s21 impact under average impact conditions
(bounded by red lines; Supplementary Information, section 3.1, and
Supplementary Fig. 3). The core–mantle boundary ellipticity is assumed to be
equal to that of a purely hydrostatic Moon in a, and is assumed to be ten times
this value in b.
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boundary, causing the ellipticity to be greater than that of a purely
hydrostatic Moon27. As an extreme case, the magnetic field strength
is plotted in Fig. 2b using an ellipticity ten times larger than the purely
hydrostatic value (Supplementary Information, section 3). Although
the core–mantle boundary ellipticity does not affect the amplitude of
the generated magnetic field at saturation, it does influence the growth
rates of the tidal instability and, hence, the parameter space in which it
can develop.

Dynamo action driven by tidal instabilities is possible over a large
range of post-impact rotation periods and Earth–Moon separations.
Predicted magnetic field strengths are significant, and range from
about 0.2 to 4mT at the surface of the Moon following the formation
of a 700-km-diameter basin. These values compare favourably to those
obtained from lunar palaeomagnetic analyses5 that imply minimum
field strengths of ,1mT. Given the uncertainty of the prefactor, f, in
equation (1), the actual field strengths could be up to about ten times
larger. On the basis of the core spin-up times, the duration for each
impact-induced dynamo is predicted to be between about 2 3103 and
8 3 103 years, which would allow about 1 km of impact melt to cool
through its Curie temperature and acquire a thermoremanent mag-
netization (Fig. 3). At the point where the Moon becomes synchro-
nously locked, it would go through a phase of large-amplitude free
librations, and these librations could also power a second dynamo,
generating surface field strengths on the order of 1 mT (Supplemen-
tary Information, section 3.2, and Supplementary Figs 8 and 9).

Apart from forming magnetic anomalies associated with the impact
melt sheets of large basins, it is also possible that impact-induced
dynamos could have simultaneously magnetized portions of the
proximal and distal ejecta of the basin. Magmatic intrusions and
extrusive volcanic rocks that were cooling through their Curie tem-
peratures when these dynamos were operating would have acquired a
thermoremanent magnetization. Smaller impact events during this
time could have magnetized crustal rocks elsewhere by the process of
shock remanent magnetization28. Furthermore, in addition to the six
Nectarian-age impact craters that possess central magnetic anomalies,
other impacts could have unlocked the Moon from synchronous rota-
tion8, potentially powering dynamos in the Imbrian and pre-Nectarian
periods. The lack of a clear central magnetic anomaly with these impact
basins could be explained by either post-impact processes or differences
in the abundance of magnetic carriers in the impact melt sheet.

Dynamos powered by impact-induced changes in rotation rate and
subsequent tidal instabilities could thus explain a large portion of lunar

magnetic anomalies and natural remanent magnetizations of lunar
samples. Previous studies have also suggested the possibility of generat-
ing dynamos by tidal instabilities on Io16 and Mars29, and the formalism
presented in this work makes it possible not only to test these hypo-
theses quantitatively, but to estimate the magnitude of the surface
magnetic field strengths. Similar time-variable tidal deformations on
Mercury, Ganymede, (early) Earth and some exoplanets could poten-
tially account for various aspects of the magnetic fields observed with
these bodies.

METHODS SUMMARY
The saturation strength of the magnetic field given by equation (1) is estimated
following previous works on convective dynamos. We first suppose that the ratio
between the magnetic energy and the Joule dissipation is proportional to the
magnetic dissipation time23. Following ref. 24, we then relate the Joule dissipation
to the power dissipated by the elliptical instability. The mechanical power is
evaluated following refs 9 and 22 by assuming that it is equal to the viscous
dissipation at the Ekman boundary layer adjacent to the core–mantle boundary.
This boundary layer results from the differing velocities of the fluid core and the
solid mantle. This approach has been extended to account for the turbulent
boundary layer expected for the Moon, following ref. 26. In plotting Fig. 2, the
growth time of the tidal instability is determined for various Earth–Moon separa-
tions and spin periods of the mantle after impact using the analytical formula given
in ref. 9. Also, we estimate the magnetic Reynolds number of the flow using the
differential velocity between the mantle and the core. The magnetic field ampli-
tude given by equation (1) is plotted when the magnetic Reynolds number is above
the threshold for dynamo generation (estimated to be 1,000; Supplementary
Information, section 2) and when the growth time of the elliptical instability is
less than the core spin-up time. In Fig. 3, the time evolution of the differential
rotation between the core and the mantle is calculated using a coupled numerical
simulation that takes into consideration tidal and friction torques with the para-
meters in Supplementary Table 1. The field strength is estimated using the stationary
equation (1), assuming a quasistatic evolution of a saturated magnetic field. The
depth at which the Curie temperature is reached is estimated by the conductive
cooling of a semi-infinite half-space.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Saturation strength of the magnetic field. The saturation strength of the mag-
netic field, B, generated by a tidal dynamo, as given by equation (1), can be
estimated by adapting scaling relationships previously derived for convective
dynamos to our case of mechanical forcing. Similar to refs 24, 25, we assume that
the magnetic field strength in the core is controlled by the available mechanical
power rather than by any force balance. For the elliptical instability considered
here, we know that thermal effects to first order do not influence the amplitudes of
the tidally generated flow pattern31,32. We thus model the core as a homogeneous,
incompressible, electrically conductive fluid and neglect any thermal or stratifica-
tion effects. Because precessional (and presumably tidal) dynamos do not depend
on a driving thermal convection, we assume that all mechanical power that is
dissipated by the instability is available for dynamo generation.

The mechanical power dissipated by elliptical instabilities has been evaluated in
ref. 9 and validated numerically in ref. 22 (see equation (19) and fig. 10 therein) for
the simplest form of the instability, the ‘spin-over’ mode, which corresponds to a
rigid-body rotation of the fluid along an inclined axis with respect to the spin axis.
As given by equation (5) in ref. 9, this mechanical power scales as

P<
8
3
pR3 gdV2 R

d
ð2Þ

where g~nr is the core dynamic viscosity (n is the core kinematic viscosity and

r is the core density) and d is the Ekman boundary layer thickness, d<R
ffiffiffi
E
p

(see,
for example, ref. 33), with an Ekman number, E~n= VmantleR2

� �
, that depends on

Vmantle, the mean spin rate of the mantle. This viscous dissipation results from the
differing velocities of the fluid core and the solid mantle at the laminar Ekman
boundary layer adjacent to the core–mantle boundary. By neglecting the bulk
turbulence that would develop in the fluid interior at the low Ekman numbers
relevant for planetary cores, equation (2) gives a lower-bound estimate for the
dissipated mechanical power. The dissipation of energy associated with elliptical
instabilities that are more complicated than the spin-over mode will also occur
mainly by viscous dissipation of kinetic energy through the Ekman layer. This
means that the scaling powers in the various parameters of equation (2) should
not depend strongly on the selected mode. Nevertheless, we acknowledge that a
prefactor fP , most probably larger than one, should be included in equation (2)
to account for the small-scale motions associated with the more complicated
instabilities.

The same expression as equation (2) is derived for the mechanical power dis-
sipated by the precession of the lunar mantle in ref. 13 (see equations (81a) and
(54) therein). This is not surprising given the similarity between the spin-over
mode of the elliptical instability and the so-called Poincaré tilt-over mode excited
by precession34. Nevertheless, it is important to emphasize that the elliptical
instabilities of interest here are expected to induce motions with much larger
amplitudes than the small precessional flow considered in ref. 13, where
DV~Vmantle sin Ið Þ with I being the (small) angle between the equatorial and
ecliptic planes. Even in the limit of small-amplitude flows, a more reasonable
estimate of the Moon’s core–mantle friction, based on the onset of fluid turbulence
in the boundary layer, should be considered26: in this case, the rate of dissipation
depends on an ‘eddy’ viscosity rather than on the molecular viscosity. The problem
of turbulent core–mantle coupling has still to be resolved explicitly, but a reas-
onable estimate is given in ref. 26 and redeveloped in ref. 13 (see equations (81a)
and (55) in ref. 13), leading to

P<fP
3
4
p2kR5 r DVj j3 ð3Þ

where k is a constant of the order of 7.3 3 1024 for a 350-km-radius core with a
viscosity of 1026 m2 s21. As introduced above, fP is a constant of order one that is
related to the complexity of the selected mode of the elliptical instability.

To estimate the magnetic field strength at saturation associated with an elliptical
instability, we follow ref. 24 and relate the power, P, dissipated by the elliptical
instability to the Joule dissipation, Dohm, through Dohm~fohmP, where fohm is a
constant less than one that depends on the energy source powering the dynamo.
Further supposing that the ratio between the magnetic energy

EB~
4
3
pR3 B2

core

2m0

and the Joule dissipation is proportional to the magnetic dissipation time (ref. 24)

EB

Dohm
!

R
u

where u is the characteristic velocity driven by the instability (u<RDV for elliptical
instabilities22), we find characteristic magnetic field strengths in the core of

Bcore,L<
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4fohmfPm0rR DVj j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n Vmantle

pq
ð4Þ

for the laminar estimate of power dissipation (equation (2)) and

Bcore,T<

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9p
8

� �
fohm fPkm0rR2(DV)2

s
ð5Þ

for the turbulent estimate of power dissipation (equation (3)). Because of the
attenuation of magnetic anomalies with height, it is likely that only the dipolar
component of the magnetic field will be important at the surface, which leads to a
magnetic field estimate at the planet surface of

B<fdipBcore R=Rplanet

� �3 ð6Þ

where Rplanet is the mean planetary radius and fdip is the ratio of the dipolar
component of the magnetic field strength just outside the core to the total mag-
netic field strength inside the core–mantle boundary. Equation (1) directly derives
from the combination of equations (5) and (6). We note that the value of the
ellipticity of the core-mantle boundary, b, does not appear in these formulae: the
value of b determines whether or not the elliptical instability can be excited, but
once the flow has developed the induced motions and magnetic field depend only
on the differential rotation between the fluid core and the mantle.

Equations (4), (5) and (6) represent the most up-to-date estimate of the mag-
netic field strength driven by an elliptical instability, but several sources of uncer-
tainty exist in this estimate, mainly as a result of the unknown prefactor,
fdip

ffiffiffiffiffiffiffiffiffiffiffiffi
fohmfP

p
. The efficiency factor for the conversion of mechanical power to

Joule dissipation, fohm, has been estimated24 to range between about 0.2 and 0.8
in a numerical model of convective dynamos, but it has been argued25 that this
should be closer to 0.88 for the Earth. Moreover, on the basis of magnetohydro-
dynamic simulations24, and as further discussed in ref. 25, the ratio between the
external dipolar magnetic field strength and the internal core field strength, fdip, is
about 1/7 for Earth-like convective dynamos. However, we suspect that the
prefactor fP , which is equal to one for the simple spin-over mode, could be greater
than one for more-complicated flow patterns. In addition to these prefactors, the
core radius of the Moon is uncertain, and a 650-km uncertainty would affect the
surface magnetic field strength by a factor of about 1.6. An uncertainty of a factor
of ten in the core molecular viscosity would yield an uncertainty of a factor of about
1.7 in the total field strength estimated by the laminar scaling law. And, finally, as
discussed in ref. 13, various estimates for the turbulent coupling parameter, k, lie in
the range 0.0005–0.0021: with respect to our nominal value of 7.3 3 1024, the
magnetic field strength could be uncertain by a factor of about 1.7. Considering the
above uncertainties, but also claiming that the relevant physics are taken into
account in the above derivation, we consider equations (4) and (5) to be precise
to within a factor of order one. To provide a reliable lower-bound estimate for the
surface magnetic field strength of the Moon from equation (6), we use a combined
prefactor of fdip

ffiffiffiffiffiffiffiffiffiffiffiffi
fohmfP

p
5 0.13 in our magnetic field calculations, with fdip 5 1/7,

fohm 5 0.88 and the restrictive value fP 5 1.
Growth rate of the tidal instability. After a large impact event desynchronizes the
Moon’s rotation, a differential rotation,DV, will exist between the fluid core and the
elliptically deformed core–mantle boundary. The pre-impact elliptical shape of
core–mantle boundary is assumed to remain ‘frozen’ into the mantle during the
short time it takes the Moon to become resynchronized by tidal forces. The differ-
ential rotation can be either positive or negative depending on whether the impact
accelerates or decelerates the rotation rate of the Moon, and will persist as long as the
fluid core has not spun up (or spun down) to the rotation rate of the mantle. When a
rotating spherical container and enclosed fluid are initially in rigid-body rotation,
and when the container is suddenly set spinning with a different angular velocity,
Vmantle, the mean angular velocity of the fluid will spin up or down exponentially
quickly to this new rotation rate with a characteristic timescale given by33

Tspin-up~
1

Vmantle

ffiffiffi
E
p ð7Þ

This core spin-up time should be considered approximate, as it assumes laminar
flow. The development of an elliptical instability would give rise to three-
dimensional fluid flows that could alter this value. The rotation rate of the mantle
will progressively resynchronize with the orbital motion on a timescale given by35

Tsync~
2Vmantle d6 C

3GM2
EarthR5

Moon

Q
k2

where d is the Earth–Moon separation, C is the lunar polar moment of inertia, Q is
the quality factor, G is the gravitational constant, MEarth is the mass of the Earth and
k2 is the degree-2 Love number. This timescale is considerably longer than the core
spin-up timescale given by equation (7). Assuming a quasisteady state, where the
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core spin-up time is greater than the growth time of the elliptical instability, the
growth rate of the tide-driven elliptical instability can be analytically determined
from the results of ref. 9:

sgrowth~
(3DVz2Vmantle)2

16(DVzVmantle)2 b DVj j{a
ffiffiffi
E
p

Vmantle ð8Þ

Here a is a constant of order one that accounts for the amplitude of the viscous
dissipation over the core–mantle boundary and which depends on the inertial waves
that are excited. In the following, we take a~2:62, which is the relevant value for the
spin-over mode36. The characteristic growth time is then simply given by
Tgrowth~1=sgrowth. We note that, as mentioned in ref. 9, instabilities cannot occur
in a ‘forbidden zone’, {3=2vVmantle=DVv{1=2, where no resonance involving
inertial waves and tidal forcing is possible. We also note that Tgrowth is actually a
lower-bound estimate for the time necessary for the turbulent flow driven by the
elliptical instability to be established, because it supposes that the instability starts
from a stable laminar two-dimensional rotating flow. If the core were already unstable
before the impact (for instance because the effects of a previous impact have not yet
been fully dissipated), the elliptical instability would saturate and generate a fully
three-dimensional flow over a much shorter period than the typical growth time.

In plotting Fig. 2, we determine the growth time of the tidal instability given by
equation (8) for various Earth–Moon separations and spin periods of the mantle
after impact. We also estimate the magnetic Reynolds number of the flow using the
differential velocity between the mantle and the core. The magnetic field ampli-
tude given by equation (1) is plotted when the magnetic Reynolds number is above
the threshold for dynamo generation (estimated to be 1,000; Supplementary
Information, section 2) and when the growth time of the elliptical instability is

less than the core spin-up time (equation (7)). In Fig. 3, the time evolution of the
differential rotation between the core and the mantle is calculated using a coupled
numerical simulation by considering core–mantle friction as well as inelastic
deformations of the Moon due to the gravitational effect of Earth (see details in
ref. 37). We applied a backward finite-difference scheme with the parameters in
Supplementary Table 1 and the present-day k2/Q ratio for the Moon. The core and
mantle are assumed to have the same synchronous rotation before the impact.
Following the impact, the rotation of the mantle is changed instantaneously. The
field strength is estimated using the stationary equation (1), assuming a slow
evolution of the differential rotation by comparison with the rapid growth of
the dynamo and, hence, a quasistatic evolution of a saturated magnetic field.
The depth to the Curie temperature of metallic iron, 1,040 K, is estimated by the
conductive cooling of a semi-infinite half-space with initial and surface tempera-
tures of 1,400 and 210 K, respectively.
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