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The Prandtl number (Pr) of the convecting materials in the Earth and planets have very wide range from 10%° (mantle)
to 102 (outer core). In this project, we are dealing both extremes. In order to explain the history of expansion and
contraction of the moon, its evolution is studied by three-dimensional numerical simulations of thermal convection with
spherical shell geometry. We assume that the shallow part of the mantle is hot and the deep part is relatively cold for the
initial temperature distribution of the moon, unlike the main studies so far. From the simulation results, when the initial
Rayleigh number is smaller than the critical Rayleigh number by strong temperature-dependent viscosity, heat
conduction becomes dominant in the heat transport inside the moon. Then the expansion and contraction is close to the
estimated one from observations. Convective motions occurring in the Earth are important for many phenomena such as
plate motion and geomagnetic field generation.

Keywords : mantle convection, moon, liquid metal, magnetoconvection
1. Numerical studies of convective stability of the lunar

mantle with three-dimensional spherical shell 2000
1.1. Introduction

SolidUS  —

Mantle convection numerical simulations using the deep
lunar high-temperature origin according to the giant-impact

hypothesis do not consistent with the constraints obtained from ol
observations about the moon. Here we focus on a series of ) 600 |
studies, including Solomon and Chaiken (1976) [1]. In these o
studies, one-dimensional heat conduction calculations were

200 400 600 800 1000

R(km)

Fig.1  Initial temperature distribution (purple line). The blue

1200 1400 1600 1800

performed assuming that the deep part of the moon is colder
than the shallow magma ocean. As a result, the history of

thermal expansion and contraction consistent with surface
observation was reproduced. This is a research before the
establishment of the giant-impact hypothesis so cannot be
adopted as it is. However, it is important to show that the lunar
expansion and contraction history may be explained by using
the lunar deep low temperature origin assumption. In this study,
we aim to reexamine the existence of mantle convection inside
the moon by adopting the assumption of low temperature origin
in the deep moon, and to give new constraints to the theory of
lunar formation. The initial temperature distribution is shown in
Fig. 1.

1.2 Methods

The numerical simulation code YYMan with three-
dimensional spherical shell thermal convection is used [2]. In this
study, a pattern in which the heat source inside the mantle is
uniformly distributed or a pattern in which the heat source is
unevenly distributed are calculated. Here, the former is

introduced.

line is the Solidus temperature, which is the upper limit of the
temperature.

1.3 Results

The Rayleigh number changes by changing the temperature

dependence E of the viscosity. Viscosity is defined as follows.
n(T) = Nref€XP (E(1- T))

T is the dimensionless temperature and 1o is the reference
viscosity. A large E indicates that the surface lithosphere is
physically hard with respect to the deep part. It also means
convection is less likely to occur at there. In the actual moon, E
of about 12 to 16 is appropriate. In this study, it is changed in the
range of £ =6-14.

When E is small, the Rayleigh number is large, so convection
occurred from the beginning. The expansion in the early stage is
small, and the contraction rate in the late stage is faster than
estimated from observations. On the other hand, when E is large
enough, the Rayleigh number is small and convection does not
occur for billions of years from the beginning. Figure 2 compares

the temperature cross-sectional views at the same time when £ is
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small (left figure) and large (right figure). It can be seen that there

is a clear difference in the presence or absence of convection.

0 05 1 15 2 25 3 35 4 45

Fig2  Internal temperature cross section after 4.4 Gyr. E is
6 (minimum) in the upper left figure, and £ is 14 (maximum) in
the upper right figure. Convection is actively occurring on the left,
but hardly on the right. The figure below shows the history of

expansion and contraction when E is the maximum.

When E is sufficiently large, a radial expansion of several
hundred meters to 1 km is observed up to 3.5 Ga, and the
contraction rate in the last 1 billion years has been about 1 km /
Gyr. These results are close to the expansion and contraction
history estimated from surface topography observations, and it is
confirmed that the expansion and contraction history of the Moon
can be explained by using the deep low temperature origin

assumption.

1.4 Summary

In this study, we reassessed the presence or absence of lunar
mantle convection using the deep low temperature hypothesis.
We see that if the temperature dependence of the viscosity is
sufficiently high and convection does not occur for billions of
years, the history of expansion and contraction and the final
temperature structure can be consistent with those from
observations. It is indicated that conventional numerical
models may overestimate the effect of convection within the
moon.

The results also indicate that the theory of lunar-Earth
formation may be constrained from the viewpoint of thermal
history and internal temperature structure. In the future, it will be
necessary to improve the model by incorporating quantitative

estimates of radioactive heat sources, changes in mantle volume

- Earth Simulator JAMSTEC Proposed Project -

due to melting, and the effects of movement of radioactive heat

sources.

2.  Convection of liquid metal under a strong
magnetic field
2.1 Introduction

As a thermal convection of low Pr fluid, we investigated the
nature of two-dimensional oscillation of quasi-2D convection
rolls in a liquid metal layer confined by a square vessel with an
imposed horizontal magnetic field [3]. It is a combined study of
laboratory measurements and high resolution numerical
simulations. We have made up the regime diagram of
convection pattern from weak to strong horizontal magnetic
field by a series of laboratory experiments [4-7]. Here we
focused on the oscillation of quasi-2D rolls typically observed at
very high intensity of magnetic field.

2.2 Results

Fig. 3 shows an example of the flow structure under a strong
horizontal magnetic field. The flow is almost two-dimensional
roll except for the side walls and it oscillates with keeping two-
dimensionality. Our simulation shows that this 2D oscillation is
caused by recirculation vortex pairs between the convection rolls,
which are intensified by periodic vorticity entrainment from the
vortex pair by the rolls.

Fig.3 Convection rolls under a horizontal magnetic field.

Our investigation also suggests that the oscillations occur at
sufficiently large Reynolds number (Re), that is, large circulation
velocity of rolls. Fig. 4 indicates time variation of rolls in a
vertical cross-section by contour lines of the vorticity component
in the direction of the magnetic field. The important parameter to
describe this behavior is the ratio of Chandrasekhar number (Q)
to Rayleigh number (Ra), Q/Ra. The Re is smaller for larger Q/Ra
in the 2D oscillation regime. The variation of Re steepens with
larger Q/Ra and approaches a scaling law of the velocity
reduction as (Q/Ra)'2. This relation is explained by assuming
that viscous dissipation is dominated by Hartmann braking at the
side walls perpendicular to the magnetic field. The results suggest
that this behavior is organized by the relation between buoyancy
and magnetic damping.
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Fig.4 Vertical cross-section of 2D oscillating rolls.

References

[1] S.C. Solomon, and J. Chaiken, “Thermal expansion and
thermal states in the Moon and terrestrial planets: Clues to early
thermal history,” Lunar Planet. Inst., pp. 3229-3243, 1975.

[2] M. Kameyama, A. Kageyama, and T. Sato, “Multigrid
iterative algorithm using pseudo-compressibility for three-
dimensional mantle convection with strongly variable viscosity,”
J. Comput. Phys., vol. 206, no. 1, pp. 162-181, 2005.

[3]1 Y. Tasaka, T. Yanagisawa, K. Fujita, T. Miyagoshi, and A.
Sakuraba, “Two-dimensional oscillation of convection roll in a
finite liquid metal layer under a horizontal magnetic field,” J.
Fluid Mech., 911, A19, 2021.

[4] T. Yanagisawa, Y. Hamano, T. Miyagoshi, Y. Yamagishi, Y.
Tasaka, and Y. Takeda, “Convection patterns in a liquid metal
under an imposed horizontal magnetic field,” Phys. Rev. E, 83,
063020, 2013.

[5]Y. Tasaka, K. Igaki, T. Yanagisawa, T. Vogt, T. Zuermer, and S.
Eckert, “Regular flow reversals in Rayleigh-Bénard convection
in a horizontal magnetic field,” Phys. Rev. E, 93, 043109, 2016.

[6] T. Vogt, W. Ishimi, T. Yanagisawa, Y. Tasaka, A. Sakuraba,
and S. Eckert, “Transition between quasi-two-dimensional and
three-dimensional Rayleigh-Bénard convection in a horizontal
magnetic field,” Phys. Rev. Fluids, 3, 013503, 2018.

[7]1 M. Akashi, T. Yanagisawa, Y. Tasaka, T. Vogt, Y. Murai, and
S. Eckert, “Transition from convective rolls to large-scale cellular
structures in turbulent Rayleigh-Bénard convection in a liquid
metal layer,” Phys. Rev. Fluids, 4, 033501, 2019.

-17-8



