SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Numerical study of convection and dynamo in a
rotating spherical shell: Implications for
solidification scenarios In planetary cores

N

a0, BXR=E

https://hdl. handle. net/2324/4474946

HAERIE#R : Kyushu University, 2020, &+ (3B%) , FEEL
N—=T3 v

HEFIBAMR



2020 fE AR
Numerical study of convection and dynamo in
a rotating spherical shell: Implications for
solidification scenarios in planetary cores

Department of Earth and Planetary Sciences
Graduate School of Science, Kyushu University
Deep Earth Physics Group

Hinami Taniguchi
A0 FE

February, 2021






Contents

Abstract
Acknowledgements

1 Introduction

1.1 Planetary core dynamo . . . . . . . . . . ..o
1.2 General theory of MHD in the core . . . . . . . ... ... ... ... ....
1.21 Coreflow . . . . . . .
1.2.2  MHD approximation . . . . . . . . . . .. ... ...
1.2.3 Kinematics in dynamo theory . . . . . . . .. ... ... ...
1.2.4 Mean field theory . . . . . . . . . ... ...
1.3 Previous works of linear stability analysis . . . . . . ... ... .. ... ...
1.4  Previous works of MHD dynamo . . . . . . . .. ... ... ... ... ...
1.5 Purpose of thisstudy . . . . . . . .. ... ...
2 Critical Compositional Convection with Linear Stability Analysis
2.1 Problem Setup & Method . . . . . . . . . .. ... ... ... ... ... ..
2.2 Results . . . . . .
2.3 Discussion . . . . . ..

3 MHD Dynamo in a Rotating Spherical Shell

3.1 Problem Setup & Method . . . . . . . . ... ... ... ... ... ...
3.2 Results . . . . .
3.3 DIScussion . . . . . ...

4 Conclusions

Appendix



Abstract

Critical convective flows and dynamos driven by bottom-up and top-down buoyancy are ex-
amined for an electrically conducting Boussinesq fluid in a rotating spherical shell. This
system represents dynamics and dynamos in terrestrial planetary core, in which it is believed
that the compositional source of buoyancy is mainly supplied by bottom-up type for the
Earth and the Mercury, and by top-down type for the Ganymede, currently. Although it is
recognized that dynamos driven by the different mechanisms tend to have distinguishably
different magnetic fields, the reason why the differences arise has not yet been known. Un-
derstanding the physics of the core convection and dynamos is important for unveiling the
thermal history and internal structure in various bodies. In order to understand the basic
features of convection and dynamos, we investigate linear stability of convection without
magnetic fields, and then, dynamos, in which the obtained critical convection are given as
initial condition, for both top-down and bottom-up buoyancy types.

First, the onsets of bottom-up and top-down convection are searched for the Prandtl
number, P, fixed at 1. The Ekman number, Ej, is varied from 5 x 107° to 1073, and the
critical value of the Rayleigh number, Ra, is obtained at each Ej. The critical Rayleigh
number, Ra., varies in proportion to F} L 4n the bottom-up case, and E. 128 in the top-
down case. It is consistent with previous works[1], but a little difference, especially for the
bottom-up case, could be caused by two factors: FEj is not sufficiently low, and the flow
patterns are different from the local analysis. The radial position of the columnar convection
is located at the middle of the shell for the top-down case, and adjacent to the inner core
tangent cylinder for the bottom-up case. Although the main convection column exists outside
the tangent cylinder, the bottom-up type flows have influx and outflux through the tangent
cylinder to conserve the mass around the inner boundary at low latitudes. The non-convective
influx and outflux in the bottom-up cases plays a role in balancing the total kinetic energy
budget by increasing the viscous dissipation.

The onsets of the dynamos are obtained at P, = 1 and Ej, = 10~%. It is found that the
critical Rayleigh number of a self-sustaining dynamo is 4.5Ra, in top-down case, but it is
not obtained until Ra = 20Ra. in bottom-up case. The successful dynamos for top-down
buoyancy cases generate magnetic fields with low dipolarity on the outer boundary. This
could result from the weak influence of the convection column on the total kinetic energy.
The flows in both successful and failed dynamos are dominated by the zonal flows owing not
to the thermal wind but to the Reynolds stresses. However, in many previous works, the full
MHD dynamo action driven by the bottom-up buoyancy has the thermal wind in the zonal
flows. Because achieving the successful dynamo driven by the bottom-up buoyancy is more
difficult than that by top-down buoyancy according to our results, the zonal flows formed
by the thermal wind could be required in the bottom-up-driven dynamos. It is possible that
the absence of thermal wind is caused by coupling equatorially symmetric flows only with
antisymmetric magnetic fields. The difference in the force balance of the zonal flows between
the top-down and bottom-up dynamos could affect the temporal variation of the observed
magnetic field in each terrestrial body.
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Chapter 1

Introduction

1.1 Planetary core dynamo

The core dynamos in the current terrestrial bodies are powered and sustained by a certain
kind of compositional buoyancy sources. The solidification scenarios for each body are decided
by three factor: pressure, temperature distribution and contents of light element in the
core. Here, we focus on sulfur as the representative of the light elements. The eutectic
temperature and the eutectic composition of the Fe-FeS core depend on the core pressure, and
the temperature distribution. The amount of sulfur decides whether the core is in the Fe-rich
side or FeS-rich side in the phase diagram. Table 1 shows basic information of the structure
and the observed magnetic field for Earth, Mercury and Ganymede, which currently have
the intrinsic fields maintained by the core dynamo (Connerney, 2007[2]). The geodynamo
generates the strongest magnetic field of about 10*nT in the three bodies. In case of the
Earth, density deficit of the outer core inferred from the typical seismic velocity structure
such as PREM (Preliminary Reference Earth Model: Dziewonski and Anderson, 1981[3])
suggests the presence of some light elements of ~10% in the outer core. This observational
evidence implies that the Earth’s core lies in the Fe-rich side. Under the circumstances of
the Earth’s core, if the melting curve of iron has a slope steeper than that of the adiabatic
temperature in the P-T diagram, the inner core nucleation should start at the geocenter in the
Earth’s thermal evolution. Since light elements are incompatible with the solid iron, they are
not included into the inner core upon solidification but left at the solidification front, giving
rise to compositional buoyancy. Thus, in the core, it is believed that the main buoyancy
is currently fed by light element ejection due to the inner core growth; here, I refer to the
mechanism supplying buoyancy from the bottom of the outer core as ‘bottom-up’ type. The
solidification is often followed by the ejection of thermal buoyancy released by latent heat at
the inner core boundary.

In the case of the Mercury, the strength of magnetic field on the surface is very low because
the core size is more than 75 percent depth in the planetary radius (Smith et al. 2012[5];
Hauck et al. 2013[6]; Rivoldini and Van Hoost 2013[7]). It is unknown why the weak magnetic
field is sustained by core dynamo. In addition to the strength, the compositional buoyancy
type in the core is ambiguous because the core could have silicate as well as sulfur (e.g.,
Malavergne et al. 2010[8]; Chabot et al. 2014[9]). Hence, the core may need to be considered
as a Fe-Si-S system. According to numerical study by dynamo simulation (Takahashi et al.
2019[10]), it is, however, possible that bottom-up type dynamo generates the magnetic field
with an offset dipole, consistent with MESSENGER observation (Anderson et al. 2012[11];
Johnson et al. 2012[12]). If the core should be a Fe-FeS system, compositional buoyancy is



Table 1.1: Basic information of the Earth, Mercury and Ganymede.[4]

Earth Mercury Ganymede

Planetary radius (km) 6371 2439 2632
Core radius (km) 3480 1965 - 2050 650 - 880
Pressure at the CMB (GPa) 139 2.8-3.3 5.5-7.0
Pressure at the center (GPa) 357 33-37 9.5-11
Strength of magnetic field at planetary surface (nT) 30000 700 700
E,.(quadrupole) / E, (dipole) 0.14 0.33 0.04

Strength of magnetic field is at equatorial surface in Earth and Ganymede, and at high northern latitudes
in Mercury. E,(quarupole) and E,,(dipole) is magnetic power of the quadrupole and dipole fields at the
planetary surface.

fed by inner core growth for the Fe-rich core, or by FeS floatation for the FeS-rich core.

The Ganymede’s core could have the different buoyancy source type with the Earth’s one.
Pressure in the Ganymede’s core is less than 10GPa according to table 1, and the estimated
sulfur concentration in the core is 12 to 20wt %S according to Kuskov and Kronrod (2001)[13].
Under the conditions, the melting curve of iron in the Fe-rich core has a negative slope in
the P-T diagram (e.g., Fei et al. 1997[14], 2000[15]; Chudinovskikh and Boehler 2007[16];
Stewart et al. 2007[17]; Chen et al. 2008[18]; Buono and Walker 2011[19]). Then, the iron
solidification could start at the core-mantle boundary, resulting in ‘iron snow’ (Hauck et
al. 2006[20]). The iron snow remelts at some depth during free fall, and gives a negative
buoyancy near the outer boundary. Here, such a mechanism is classified as ‘top-down’ type.
However, it is known that the dynamos driven by top-down buoyancy trends to generate a
non-dipole dominant field (Zhan and Schubert 2012[21]), except for the cases with a stably
stratified layer on the outer boundary as a snow zone (Christensen 2015[22]). Driving force
of the Ganymede’s dynamo still has been in debate.

As mentioned above, compositional convection in these terrestrial bodies is driven by
either bottom-up or top-down type buoyancy. However, it is highly uncertain which one is
actually chosen due to lack of information about light elements contained in the core.

1.2 General theory of MHD in the core

1.2.1 Core flow

Core dynamics in the terrestrial bodies is primarily governed by the strong effects of rotation
and magnetic field as in Table 1.2, which shows the basic physical properties in the Earth’s
core in terms of the non-dimensional number (Roberts and King (2013)[23]). The most
important parameters is the Ekman number defined by

1%
B = —
kT o0D?

where v is the kinetic viscosity of the fluid, €2 the scale of angular velocity of rotating body,
and D the thickness of the fluid layer. The Ekman number is a measure of the relative
importance of the viscous force to the Coriolis force. In the core, the Ekman number is
extremely smaller than unity, so that the viscous force is forced much more weakly than the
Coriolis force.If the magnetic effect on the motion is small, the Coriolis force is balanced by

(1.1)



the force due to pressure gradient: it is so-called ‘geostrophic’ balance

20 x i =—-VP, (1.2)

where © is the angular velocity, « the velocity field, p the fluid density, and P the pressure.
Taking the curl of the equation yields

(Q-V)i=0. (1.3)

Under the force balance, thus, the flow does not change in the direction of the rotating
axis, known as the Taylor-Proudman theorem. In fact, the many numerical researches for
convection (e.g. Zhang and Busse (1987)[24]; Christensen (2002)[25]; Aubert (2005)[26])
and magnetoconvection (e.g. Zhang (1995)[27]; Olson and Glatzmaier (1995)[28]) obtain the
ﬂ_pws that possess the features of the Taylor Proudman theorem. If the strong magnetic field,

B, is applied, the system could be in equilibrium with magnetostrophic balance:

20xu=—--VP+—-JxB, (1.4)
P P

where J is electric current density, and the force of J x B is the Lorentz force. In order to
measure the effects of the magnetic field on core dynamics, using the Elsasser number, A,
given by
B2

204002
is useful. B is the characteristic magnetic strength, n the magnetic diffusivity, and pu, the
magnetic permeability in free space, where the magnetic diffusivity is related with the elec-
trical conductivity, o, as

(1.5)

1
Olo
The Elsasser number is defined by the ratio of the Lorentz force to the Coriolis force. As the

Elsasser number is of the order of 10 (Table 1.2), it is likely that the geodynamo operates in
the magnetostrophic state.

7’]:

In addition to the magnetostrophic flows, the observation of the geomagnetic field suggests
that the Earth’s core has zonal flow to move the geomagnetic field westward (Pais and Hulot
(2000)[29]; Finlay and Jackson (2003)[30]). The zonal flow is generated by the divergence of
the Reynolds stress, the zonal thermal wind, energy exchanged by the Lorentz force and the
viscous force. For convection without magnetic field, the Reynolds stresses is dominated in
the kinetic energy budget of zonal flow (e.g. Busse (1970)[31]; Busse and Hood (1982)[32];
Aubert et al. (2001)[33]; Christensen (2002)[25]). When the effect of magnetic field is
added in the system, the geostrophic zonal flow is destroyed by the Lorentz force, and the
zonal thermal wind becomes dominant in the dipole-dominant dynamo driven by bottom-up
type buoyancy (Aubert (2005)[26]). Most dynamos driven by top-down type buoyancy has
geostrophic zonal flow, although boundary conditions of velocity often affect the zonal flow
when the Ekman number is not close to zero (Simitev and Busse (2005)[34]).



Table 1.2: Basic physical properties in the Earth’s core in terms of the non-dimensional numbers.

Dimensionless parameter Definition Core
Elsasser number, A B2/ 2Qnpu, 10
Ekman number, E, v/ 2QD? 1071°
Magnetic Reynolds number, Rm UbD /n 103
Magnetic Prandtl number, Pm v/m 106
Prandtl number, Pr v/ kK 1071
Rayleigh number, Ra GoDaAT, /| 2Qk  10°
Schmidt number, S, v/ kS 102

« is the coefficient of thermal expansion, AT, is the difference in the temperature of the core-mantle
boundary and Earth’s surface, x and ¢ are the thermal and composition diffusivity, respectively, and g is
the gravitational acceleration.

1.2.2 MHD approximation

First, Maxwell’s equations and Ohm’s law give

. N - 9D
—1 . i
V x (uo B) =J+ = (1.6)
- - OB
V-B=0 (1.8)
V-D=gq, (1.9)
J=0(E+1ixB), (1.10)

where D and E are the electric flux density, and the electric field, which are related as

D= 50E €, is the permittivity in free space, and ¢ the volume density of charge. First, the
scales of (1.7) and (1.6) is estimated:

E_B
[ 7
B FE
— =5,
l,uo Te

by assuming the time scale of E and B , the spetial scale, and the characteristic intensity of
E and B as 7., 7, [, F, and B. The relation between the two time scales is that

n_ 1 (B _ (B
Teigouo E)] \E
1\ 2
Tb7'621280,u0:(—> ,
c




where c is the light speed. We consider the system in which the time scale of the magnetic
field, 73, is much longer than the propagation time scale of the light, I/c. In this situation,
another time scale, 7, is negligible;

12

Th

<1.

Te

Thus, the relation of the time scales is 7, > 7.. The ratio of the term on the right hand side
to the second term on the left hand side in (1.6) is written as

O(@ﬁﬁ%)
- N - <1,
0 (v x (Mng)) 7
so that this condition makes the temporal variation of D removed from the equation (1.6),

1.e.

V x (u;1§> ~ 7. (1.11)

These equations are the Maxwell equations with magnetohydrodynamics (MHD) approxima-
tion. By using (1.11), (1.7), and (1.10), the induction equation is also obtained

o=V x(ixB) -V x (W xB) (1.12)

1.2.3 Kinematics in dynamo theory

In this section the basic theory of kinematic dynamo is introduced when the Lorentz force
is negligible in the dynamics. We shall consider a basic property for fluid with a perfect
conductor is zero. An infinitesimal element on any curve frozen in the fluid, dx;, can be
represented as

d.T,'Z' = a—ajda,] 5

where Z(d,t) is the displacement field, which is the position of a fluid particle through
Z(d,0) = @ at t = 0. The Lagrangian derivative of dx; is

D

Ftdxi =2, dz;Vju; . (1.13)

The induction equation of (1.12) is rewritten as
DB 5 = = =

Using the equation of continuity, dp/dt = — pﬁ -, where d/dt is Lagrange differentiation as
d/dt =0/0t + (u - V), the equation (1.14) become

d (B B -
— =1 ==.V1i. 1.15
dt(p) p Vu (1.15)



This formulation is similar to equation (1.13). Thus, B(Z,t)/p(Z,t) has the similar solution
as dr,
Bi(#,t)  0x; B;(a,0)

p(fa t) aa] p(a,()) '

Suppose here that da is along the magnetic field line, é(&, 0), at = 0, so that g(&', 0) xda = 0.
The result is

B B ox Z,t) Ox
ik Bj(Z, t)dxy(a, t) = g4k [&LJ ppa 0) Brn( ] [ d ]
m

Oay p(%,t)dx>
I Jz; p(a,0)d

Oa .
= 5lmna—wl'Bm(a, 0)day,

2

= 0VdaE —————Bn(a,0)day,

B(7,1) x d7(@ 1) __[éazO)x(ﬂﬂlgj

i

=0.

Thus, the magnetic field line is parallel to the infinitesimal displacement along the curve, so
that the magnetic lines in the perfect conductor is ‘frozen in’ the flow, and it is so-called
‘Alfvén theorem’ (c.f. Moffatt, 1978[35]; Gubbins and Herrero-Bervera (2007)[36]).

When the conductor has a finite electrical conductivity, the magnetic energy is dissipated
by the Joule effect. In this system the magnetic diffusion term is added in (1.14), then

dB
dt

- = - — —

= (B-V)i—B(V-i)—Vx(nV x B). (1.16)

Multiplying po_lg- by (1.16), the magnetic energy equation

o ( B2 . - =~ J* - (ExB
5(2“]0)——U(JXB>—F—V< o > (117)

is obtained. The second term on the right hand in (1.17) is the Joule dissipation, which
must decreases the magnetic energy in any non-perfect electrical conductor. The source of
magnetic energy is the first term, represented by the work of the flow done against the Lorentz
force. The residual term in the right hand is the magnetic energy flux convergence, known as
the energy flux of the Poynting vector. When dynamo is maintained, positive contribution
from the magnetic energy source in (1.17) needs to be larger than the dissipation.

There are some anti-dynamo theorems which say that the magnetic field cannot be main-
tained in principle by the velocity field with a certain property. First, the toroidal velocity
can not drive the dynamo (Bullard and Gellman (1954)[37]). The toroidal flows can not
generate enough source for overcoming the Joule dissipation. The well-known anti-dynamo
theorem is known as ‘Cowling’s theorem’ (Cowling (1933)[38]; Braginsky (1965)[39]; Ivers
and James (1984)[40]). Cowling’s theorem says that the axisymmetric magnetic field cannot
be maintained by any axisymmetric velocity fields. Since the magnetic field satisfies equa-

tion (1.8), the axisymmetric magnetic field, B;, is represented in the cylindrical coordinate
system, (s, ¢, z), as

— —

Bo(s,2) = By(s,2) + Bi(s,z) = V x (X (s, z)ég) + Y (s, 2)€q

10



where B;, Et, X, Y, and ¢; are the poloidal magnetic field, the toroidal magnetic field, the
poloidal scalar, the toroidal scalar, and the unit vector in the azimuthal direction. Multiplying

the induction eqution (1.12) by €4- and ¢ - VX gives
Y -

5 = [Vx(vfthp)—ier(u}XBt)]¢+77AlY

) Lo
—EAZXZ[VxVx(uprp)h—AlAlX,

where i, u;, and A; are the poloidal velocity, the toroidal velocity, and the operator

1
A =VE- =
l \Y 82

[%f ]¢ denotes taking the azimuthal component from A. The equations are rewritten

oY - - L =Y

i [V(% S p) X V(SX)L — sty -V (E) +nAY (1.18)
0X 1., =

By using two relations
— 1 —
SPANA = $3AV - (S—ZV(SA))
N — — 1
=V sAV(sA)} — (VsPA) - (S—2V(SA))

B 2 10B 1
—)] + b (gg B s—zB)

- (B B2
\Y (—) +éi—

S

»

multiplying equations (1.18) and (1.19) by s~2Y and 52X, respectively, and integrating the
equations over the volume, we can obtain

FEC RORTALIC) RY E1 RS R

11



d 1(sX)%zv = —/

dt Jy, 2 v

According to equation (1.21), the poloidal magnetic energy decreases with time. Because
the toroidal magnetic energy is generated by the poloidal magnetic field, the toroidal energy
cannot be maintained if the poloidal energy is small in the system. Thus, when the fields
have only the axisymmetric components, the poloidal magnetic energy decays, and then
the toroidal magnetic energy could not increase with time if enough time is passed. It is
an inevitable conclusion that we must consider a general three-dimensional problem, which
strongly restricts analytic study and makes dynamo problem formidable for us.

[ﬁ(sX)] av (1.21)

1.2.4 Mean field theory

Dynamos driven by random ingredient of the flows have been studied as mean field electro-
dynamics. In case of the cylindrical and spherical coordinate system, the mean field is often
defined as the azimuthal average, while deviations from the means correspond to the fluctu-
ating parts. Typical magnetic field generation processes derived from the mean field theory
are the well-known a-effect (Parker, 1955[41]; Moffatt, 1978[35]). In addition, large-scale
toroidal field is often generated by shearing large-scale poroidal field due to differential rota-
tion, and it is so-called w-effect (Soward, 1972[42]; Roberts, 1972[43]). When the magnetic

field, B , and the velocity field, , are separated in terms of the mean and the fluctuating
parts, we have

B=B,+b (1.22)
i=U,+7, (1.23)

where B, and U, are the mean parts, and b and ¥ are the fluctuating parts. Substituting
the expression to (1.16), we obtain the equations for the mean and fluctuating parts of the
magnetic field as;

%gozﬁx ( 40 ><Bi,)+ﬁ>< <Txb> +77V2§0 (1.24)
%E:ﬁx(qoxﬁ)jtﬁx(6x§o)+§xé+nv25, (1.25)

where

—

G=0xb—<Uxb>,

and < ¥ x b > means the azimuthal average of U X b. Let us decompose the mean fields into
the poloidal and toroidal parts:

B~ B+ B
U)O == lj;) + U;f 5
then the equation (1.24) yields the equations for the poloidal and toroidal magnetic field::
8 g - - g — —
5#%:VX@%X&Q+VXQ+%#& (1.26)
0= = N - N - 9 =
a&:vx[%xBJ+VXP@x@J+VX%—WVB, (1.27)

In these equations e; and €, mean the toroidal components and poloidal components of
< U x b >, respectively. The mean electro-motive force denoted by ¢; and ¢, includes the «

12



effect, which generates the mean fields via interaction between the fluctuating parts of the
magnetic and velocity fields. Another famous effect is the w effect, and acts as a source of
the mean toroidal field through the second term on the right hand in the equation (1.27).
The term is written as

V x [U} X B;,} = s(Bp-V)w

with (jt = swégy. The differential rotation term includes the w-effect, which acts as the source
of the toroidal magnetic field. The three terms by the a-effect and the w-effect are the source
of the axisymmetric magnetic fields (Kageyama and Sato (1997)[44]; Olson et al. (1999)[45];
Roberts and King (2013)[23]).

By using the effects, the dynamo types have been defined (Moffatt, 1978[35]). When
contributions to the mean fields from &; and the w effect are significant, the dynamos are
called as ‘aw-dynamos’. These dynamos are characterized by the mean toroidal component
much stronger than mean poloidal counterpart. If the mean fields are almost generated due
to the « effects, the dynamos are described as ‘a?-dynamos’. For a?-dynamos, strength of
the mean poloidal field tends to be similar to that of the mean toroidal field. Finally, so-
called ‘aw- dynamos’ are dynamos maintained by the three contributions in magnitude. It
is found that most of the numerical MHD dynamos are classified as o? type (Roberts and
King, 2013[23]).

1.3 Previous works of linear stability analysis

The onset of thermal and/or compositional convection in a rotating spherical system has been
investigated because of its importance in finding out the basic features of dynamo driven by
convection in the interior of stars and planets. Convection depends upon the geometry,
various physical parameters that emerge in governing equations, and the distribution of
buoyancy sources and gravity. In particular, in the self-gravitating system the distribution of
the buoyancy sources decides the radial position where convection cells emerge. For example,
the flows caused by a homogeneous distribution of heat source are located at mid-depth depth
of the shell with the Prandt]l number unity, whereas the flows caused by temperature difference
across the shell are located where adjacent to the inner sphere at the equator outside the
tangent cylinder (Dormy et al. 2004[46]). Although the structures of the flows and the
mathematical descriptions with asymptotic theory are investigated for each parameters and
conditions (e.g., Jones et al. 2000[47]; Dormy et al. 2004[46]), the physical reasons are not
clearly understood.

The understanding of the mechanism for convection is achieved through the budget anal-
ysis of the vorticity, heat, and kinetic energy. Hirsching and Yano (1994)[48] investigated the
thermal and the vorticity balance of the three types of critical convective flows, which are
columnar mode, spiralling mode and wall-attached mode, and distinguished the physics of
these morphologies by the differences of the balance. Although they explain the branches of
the mode by the analysis, the physical interpretation of each modes could not be investigated.

The physical interpretation for the spiraling mode is investigated by Takehiro (2010)[49].
He showed the kinetic energy balance for a critical spiraling convection driven by internal
heating type buoyancy in a thick shell, and then he explained how the balance could be
achieved with vorticity budget analysis. The kinetic energy is generated by the buoyancy
force most efficiently in the equatorial region, while it is dissipated by viscosity which is
distributed at higher latitude. The gap of the position between the generation and the
dissipation is bridged by a dynamic energy flux convergence, which results from ageostrophic
equatorward flows. However, the balance could change in a case that the inner boundary has

13



an effect on the onset of convection. One of the aims of this thesis is to clarify the influence
of the inner sphere, which could be significant in the Earth ~ s core, upon convective flow in
a rotating spherical shell.

Whereas the above works consider uniform heat source distribution corresponding to the
top-down type buoyancy profile, the main driving force of convection in the Earth’s core
is believed to be the bottom-up type. Al-shamali et al. (2004)[50] investigated the effect
of spherical shell geometry without the internal heat source similar to bottom-up type one.
They found a relation between the critical Rayleigh number, Ra., and the Ekman number,
E)., as Ra. = C(X)Ek_l‘w, in which C(x) is the coefficient depending on the aspect ratio
of the radius at the inner boundary to the radius at the outer boundary, y = R;/R,, for

Ej, = 107% to 1073, The relation is a little different from a relation Ra, o E];4/3 as B — 0
for the homogeneous heat source case (Chandrasekhar, 1961[1]; Roberts, 1968[51]), probably
because numerical calculations are carried out with different buoyancy source type and also
in a limited range of Ej . Another kind of works for this source case focuses on mathematical
description of the onset (e.g. Jones et al. 2000[47]; Dormy et al. (2004)[46]). Dormy et al.
(2004)[46] obtained the correct asymptotic relations, considering the boundary layer in the
two buoyancy source cases into account. It is, however, more awkward for this case than the
homogeneous source case to describe the solution of the governing equations with asymptotic

analysis due to a E,i/ s ageostrophic shear layer, which plays a role of reducing the amplitude
of convective flows and temperatures to zero, on the inner core tangent cylinder. By this
work the mathematical problem about the onset of the linear stability analysis in the core is
almost complete for the no internal source case. However, its physical understanding of the
difference between the homogeneous and no internal source case have been far from complete.

1.4 Previous works of MHD dynamo

The bottom-up type dynamos as the geodynamo driven by compositional convection have
been investigated by many researchers. According to the previous studies (e.g. Nakajima
and Kono 1993[52]; Roberts and Schubert 2015[53]), it is found that the kinetic helicity
of the velocity field is important not only for in the mean field dynamo but also in the
laminar dynamo; for example, Nakajima and Kono (1993)[52] showed that the larger a mean
helicity, the more efficient the dynamo becomes.. In fact, correlation between the helicity
and dipolarity is apparent in modestly supercritical dynamos (Soderlund et al. 2012[54]),
where the dipolarity is defined by the ratio of the power in the dipole component to the total
power of the magnetic field on the outer boundary. The dipolarity on the Earth’s core-mantle
boundary surface up to spherical harmonic degree 12 is 0.68 (Soderlund et al. 2012[54]). The
geodynamo is regarded as a dipole-dominant dynamo, considering a dynamo with dipolarity
greater than 0.5 to be dipole-dominant.

The dipole-dominant dynamo is often obtained in the bottom-up-type source case. When
the dynamo is dipole-dominant at low Rayleigh number, the zonal flows in most cases are
generated by thermal wind, which destroys the geostrophic balance of zonal flows, owing
to difficulty for the geostrophic zonal flows forced by Reynolds stresses to coexist with the
axisymmetric dipole field (Ferraro, 1937[55]). In addition to the source of zonal flows, the
dipolarity is decided by the second-order force balance of inertial force versus viscous force.
The higher magnitude of the viscous effect than the inertial force makes the dipole-dominant
dynamo. For the low Rayleigh number the second-order force, thus, affects magnetic field
morphology (Soderlund et al. 2012[54]).

When the Rayleigh number is not low, the dynamo tends to generate multipole-dominant
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magnetic fields in the bottom-up-type dynamos (Soderlund et al. 2012[54]; Aubert 2005[26]).
According to Aubert (2005)[26], the zonal flows in the multipole-dominant dynamo are gen-
erated by both the Reynolds stresses and thermal wind, and more geostrophic than the
dipole-dominant cases. At higher Rayleigh number, the convection column in dynamos is
destroyed, and an axial helicity becomes much lower than one. The dipole-dominant field in
the bottom-up cases requires the columnar convection with high helicity.

The temporal variations of the magnetic fields are investigated in Takahashi (2003)[56].
For differential heating case the flows inside the inner core tangent cylinder has high temporal
dependence, although the flows outside it are stable. The zonal toroidal magnetic field
outside the tangent cylinder are almost equatorial antisymmetric. Inside the tangent cylinder,
the equatorially symmetric toroidal field is often generated, and vanished by intermittent
fluctuation of the meridional circulation. The flows inside the tangent cylinder plays a role of
generating magnetic fields only when the Rayleigh number is large, generating the magnetic
field with the different temporal variation from outside.

Although the bottom-up type convection tends to generate dipole-dominant fields, the
top-down type convection has different field morphology. Dynamos generated in the top-
down cases with fixed temperature boundaries at low Rayleigh number are mainly divided
into three categories: quadrupole-family dynamo, dipole-family dynamo and hemispherical
dynamo. Grote et al. (2000)[57] show that the quadrupole-family components are dominant
at the magnetic Prandtl number of the order of unity and the Prandtl number equal to
1 with fixed temperature boundary condition. The axisymmetric magnetic fields for the
quadrupole-family dynamo oscillate in the direction of high latitude. As increasing P, the
dipole-family dynamo appears. Hemispherical dynamo is found as the intermediate case,
where the magnetic energy is equipartitioned between the dipole-family components and the
quadrupole-family components.

It is still in debate what causes the non-dipolar dynamo. Hori et al. (2010)[58] investi-
gated the influence of thermal boundary conditions on dynamos driven by internal heating.
Dynamos with fixed temperature boundaries tend to generate multipole fields at P, = 3 and
P, =1, when the Rayleigh number is low. On the other hand, the dipole-dominant dynamo
is more easily obtained with fixed flux boundaries. Other studies, however, showed results
that dynamos driven by bottom-up convection often result in large dipolaritiy than those
by top-down convection, even when other conditions are kept unchanged, with no-slip and
fixed heat flux boundaries (e.g., Zhan and Shubert 2012[21]). Thus, both thermal bound-
ary condition and the profile of thermal or chemical flux are important in determining the
morphology of the resultant magnetic field.

1.5 Purpose of this study

The primary purpose of this thesis is to understand the basic features of convection and
dynamos driven by top-down/bottom-up buoyancy source in a rotating spherical shell. Tt
is important for comprehensive understanding of dynamics and dynamos in the planetary
core as well as its evolution history. For this purpose, I carry out the following investigation.
Firstly, in chapter 2, I investigate the physical elementary processes of convection in a rotating
spherical shell based on linear stability analysis without magnetic field. Because the full,
nonlinear problem is too complicated to clearly understand physics, it is reasonable to begin
with a simpler problem. Although linear stability analysis is helpful to understand the basic
features of core dynamics, mostly treated is thermal convection with internal heating as
buoyancy source. This study investigates the onset of the convection for both bottom-up
case and top-down case, in order to clarify difference between them, and to understand how
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such difference arises. Based on the understanding in chapter 2, results of MHD dynamos
are examined in chapter 3. In order to understand the physics of the dynamos for each
buoyancy case, the MHD dynamo treats a simpler, low nonlinearity problem; the onset
of the dynamo with limitation of equatorial dymmetry is considered. Finally, concluding
remarks are summarized in chapter4.
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Chapter 2

Critical Compositional Convection
with Linear Stability Analysis

2.1 Problem Setup & Method

We consider linear stability analysis of compositional convection driven by both the bottom-
up and top-down type buoyancy source without the magnetic fields in a spherical shell ro-
tating at a constant angular velocity, Q, about the z-axis. Although the most linear stability
has been used in critical thermal convection, the mathematical problem of the thermal con-
vection is the same as that of the critical compositional convection. Thus, in this chapter,
our results are compared with the results of the critical thermal convection in the previous
works. The shell with aspect ratio, x = 0.2 is filled with the Boussinesq fluid, in which it is
assumed that the vertical length scale is sufficiently shorter than hydrostatic scale height of
pressure, temperature, and density. By using the Boussinesq approximation, we can remove
the local sound speed, c¢s. The total derivative of the density, p = p(S, P), is written

([ Op dp
o (1), (30)

e ap dp
N
dp asépdS 1dP
dz  C, dz - 2dz’ (22)

where of, Cp and & are the coefficient of chemical expansion, the specific compositional
capacity at constant pressure, and the mass fraction. Since ¢y is much larger than the speed
of the variation in the magnetic and velocity fields in the Boussinesq fluid, the second term on
the right hand side of (2.2) is negligible, i.e. the dependency of the density on the pressure
is neglected. When the variable is changed from the entropy, S, to the mass fraction, &,
equation (2.1) is rewritten as

dp = —poadg (2.3)

where p, is a constant reference value of the density. This represents the density variation
in the Boussinesq fluid. In this thesis, the compositional fluxes at both boundaries are fixed,
and the stress-free boundary conditions at both boundaries are used:

Koo w2 (2)-2 (%) =
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where w,., ug and uy is the radial, colatitudinal, and longitudinal, respectively, components
of the velocity, .
The fluid in the shell is self-gravitating as

where ~ is a constant, and 7 is a position vector with respect to the center of the system.
The governing equations are

%m (@ V)@ + 206, x T =—-VP+ i—§+ V2l (2.6)
%—f+(a.ﬁ)c}:mfv?c+a (2.7)
V-i=0, (2.8)

where ¢ is the rate of heating by source in the fluid. The unknown variables, @ and C|, are
divided into two parts: the time-independent, hydrostatic reference state and the deviation.
In a non-dimensional form, the governing equations for the perturbations are

%w E'é; x il = Ra¢F — VP + Vi (2.9)

O et i V)e = 5,9 (210)

V-i=0, (2.11)

using the thickness of the shell d for the unit of length, the viscous diffusion time d? /v for the
unit of time, and —f3;d and —f3,d for the unit of mass fraction in the bottom-up and top-down
cases, respectively. Here 5; = (d&,/dr)g, (8o = (d&/dr)gr,) is the total compositional flux at
the inner (outer) boundary, where &, is the mass fraction of the basic state, and R; and R,
are the radius at the inner and outer boundary, respectively. The profiles of the d¢,/dr are

s, R}(R;—1°)

= 2.12
dr r2(R3 — R3) (2.12)

in the bottom-up buoyancy case, and
o __Ro(r - R}) (2.13)

dr — r%(R3—RY)

in the top-down buoyancy case (Appendix Figure 4.1). These equations include three non-
dimensional parameters: the Rayleigh number, Ra = —pasyd® /v2, the Ekman number,

By, = v/2Qd?, and the Schmidt number, S. = v/k¢. Since the velocity field is the solenoidal,
it is represented by using a poloidal scalar U and a toroidal scalar W as the form of

=V x(VxUR)+VxWr. (2.14)

We multiply the curl and the double curl of the momentum equation by 7, obtaining two
equations for U and W':

KVQ—%> Lo+ E ', x 7-V|W - E'QU =0 (2.15)
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0 1L L o= _
[(v? _ a) Lo+ E-'e x 7 v} VAU + B{IQW — Ralost =0, (2.16)

where L9 is the angular momentum operator,

L0,y 1
27 T5in0oe sin 00 3111296?2527

and Q is the form as
Q=¥ (I V462 VLo).
The boundary conditions of (2.4) are rewritten as
Py (wy
or?  or

r
Three unknown scalars, U(r,0,¢,t), W(r,0,¢,t) and £(r,0,¢,t), are expanded by spherical
harmonics in the angular directions, and varied exponentially with time. Therefore the scalars
are

X 1
E at r T and r T ( )

L
U(’f’, 07 ¢’ t) _ Z Ulmc,s<r>}/lmc,5(8’ ¢)ekt
m,l

W(r,0,6,8) = 3 WS ()Y (6, 6) ekt

m,l

§(r,0,9,t) = me”( )Y, p)e
where £ is the complex growth rate of the unknown scalars. In the expansions Ylmc’s is a
spherical harmonics of degree I and order m, which defined as Y;"“(6, ¢) = P;"(cos ) cos m¢
and Y;™(0, ¢) = P/"(cos ) sinm¢, where P/™ is the associated Legendre polynomial, and it
satisfies the orthogonality relations:

2m
/ / Yy 72712078 sin 0dfd¢ = 5l1,l25m1,m2(1 + 5m170)ﬂ—

2w
/ / YOV sin dfd = 0

where 97, 1,, Om,,m, and dp,, o0 are the Kronecker delta.

Finally, the expansions are substituted into (2.15), (2.16) and (2.10), and then integrating
them over the unit sphere after multiplying the equations by ¥;"“" results in the following
equations to be solved numerically:

9  1+2 o 1-1
mc,s mc,s m — mc,s
W1+ )ViW" + B {H1(8T+—7’ )Ul+1 + d; <8r . >Ul_1} (2.18)
LB T mW = 11+ 1)WY

me,s 0 [+ 2 me,s m 9 -1 me,s
I(1+1)Ra©;""" + E, { I+1 (ar +T> Wi tdi (5 oy )Wll ] (2.19)

—I(l+ V)VIVIU" ¥ B, 'mViU™ = —I(1 + 1)kViU"°
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and

VIO + (1 + 1)U = SkO° (2.20)

where VZQ is a operation
02 20 I+1)
2 [ — _——
Vi= or? + ror r2 7

and dj" is defined as

- o[

Note that the component of the unknown scalars having an order is not coupled with that
having the other orders since the system has no nonlinear effect. The radial derivations in
this chapter are approximated by finite differences; by using a second-order central difference,
the first and second derivatives of a scalar, f(r;), are

df b a—1>b a
ari:_mf(ri—a)— " f(ri)+b(a+b)f(ri+b)
d’f 2 2 9
3|, = e 0 = 00 g ),

where a = r; — rj—1 and b = r;11 — r;. However, the viscous term in the equation (2.16)
is approximated by the differences with five-point stencil, and the differentiations at the
boundaries are calculated by using the ghost grids outside the spherical shell. These equations
are solved as eigenvalue problem for k by using the LAPACK. In the above calculation, the
onsets of the convection, which have the lowest Rayleigh number in the cases with the zero
growth rate, Re(k) = 0, when the Ej and the S is fixed, are obtained, and then the flows and
the composition at the onset are investigated for the bottom-up and top-down type buoyancy
cases.

At first, validity of the numerical code that I have developed from scratch is checked by
comparison with the previous studies. Table 2.1 shows the reproduced results of critical
convection for the same conditions as Al-shamali et al. (2004)[50], Dormy et al. (2004)[46]
and Takehiro (2010)[49]. The Schmidt number in our numerical code is set up at the same
value of the Prandtl number in the previous works because the mathematical problem in
compositional convection is the same as in thermal convection. Although the numerical
methods in our study are different from those in three studies, Ra. in the previous papers
and the reproduced Ra. in our code match in the top two digits. It is confirmed that the
reproduction with my numerical code succeeds. In addition to the critical Rayleigh number,
the flow pattern and the temperature is reproduced, for example the second case from the top
in table 2.1. Figure 2.1 shows the temperature and radial velocity on the equatorial plane,
calculated at Ej, = 3 x 107* with y = 0.25. Although the solving method is different between
the previous work[50] and our study, two results agree not only for the critical Rayleigh
number but also for the flow pattern and the temperature. Therefore, our numerical code is
confirmed to be correct.

2.2 Results

In previous works (Hirsching and Yano (1994)[48]; Takehiro (2010)[49] ), the analysis of
vorticity, thermal and kinetic energy have been used in order to understand the physical
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Table 2.1: Reproduced results of critical convection for the same conditions as previous works.

paper B.C. Ey X Ra, me reproduced Ra. reproduced m. n, mny
A rigid 1073 0.35  0.56 x 10° 4 0.56 x 10° 4 50 31
A rigid 3 x107%* 025 244 x 10° 3 2.42 x 10° 3 50 31
A rigid 10~4 0.15 10.71 x 10° 3 10.67 x 10° 3 50 31
A rigid 1074 0.35  7.00 x 10° 7 6.90 x 10° 7 50 31
D free 1075 0.35 2.1007 x 107 13 2.0956 x 107 13 100 63
D rigid 1075 0.35 2.0720 x 107 13 2.0600 x 107 13 100 63
T free 1075 0.10 404 19 401 19 80 63

Column 1: the papers in which I have reproduced the onset of the convection here. A; D and T denote the
paper of Al-shamali et al. (2004)[50], Dormy et al. (2004)[46] and Takehiro (2010)[49], respectively.;
Column 2: boundary condition used in the calculation.; Ra. and m, are the critical Rayleigh number and
the critical azimuthal wavenumber, respectively , calculated in the previous works.; Reproduced Ra. and
reproduced m. are the values reproduced with my numerical code.; n,. and n; is the number of radial grid,
and the truncated degree of the spherical harmonics, respectively, in the reproduced calculation.

process of critical convective flows. The critical flows have been investigated mostly in the
case of a fluid with a homogeneous heat source distribution, which provides a stationary heat
flux of basic state in proportion to the spherical radius. This study investigates other types
of convection that has ‘ bottom-up ~ type and ‘top-down’ type buoyancy source, and reveal
the differences of the underlying physics.

First, results of linear stability analysis are briefly summarized. Figure 2.2 shows the
critical Rayleigh number and the critical azimuthal wavenumber as a function of the £~ ! for
the bottom-up case (a) and the top-down case (b). The symbols denote the critical horizontal
wavenumbers, and the grey line is produced by fitting the obtained critical Rayleigh number

when the Ej is 1.1 x 10% to 2.0 x 10%, with the relationship Ra, = Co.Ej}, where Co. = 43.07
and j = —1.14 for the bottom-up case, and Co. = 4.88 and j = —1.28 for the top-down
case. It is well known that j becomes —4/3 as Ej — 0 due to the analytic solution for
the uniform source type convection (Chandrasekhar, 1961[1]; Roberts, 1968[51]), while the
obtained relationship for the present results is close to the analytic solution with a slight
difference, especially for the bottom-up case. Both the critical Rayleigh number and the
critical wavenumber increase as increase in £ 1 The positive correlation between Ra, and

E; ! results from the fact that effects of rotation in the spherical system without magnetic
field prevents convection from occurring easily.

Spatial structures of the critical convective flows are shown in figure 2.3, calculated at
E}, = 2.0 x 10* for the bottom-up case in the top, and for the top-down case in the bottom,

where the vorticity, w, is defined as the curl of the velocity, w = V x i@. The first column
shows (a) the axial component of the vorticity on the equatorial plane. The second, third

and fourth columns show (b) the azimuthal-averaged axial helicity, fozﬂ(e} ) (e - W)de, (c)
azimuthal velocity, and (d) flow vector, respectively, on a meridional cross section through
a cyclonic convection column. The convection columns for the top-down case are located at
the middle of the shell, and for the bottom-up case are adjacent to the inner core tangent
cylinder. The difference of the column position could be caused by the profile of buoyancy
source, which is the same reason as that between uniform source case and differential heating
case (see Dormy et al. (2004)). As we can see in the azimuthal velocity profile, the contour
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Figure 2.1: Temperature and radial velocity on equatorial plane, calculated for x = 0.25 in table 2.1. The
top and the bottom are the result in Al-shamali et al. (2004) and with my numerical code, respectively. The
red (blue) color is high (low) for temperature, or positive (negative) for radial velocity.

lines are parallel to the rotation axis, so the force balance seems to be the quasi-geostrophic
one, except for the boundary region. As shown in figure 2.3(d), the flows near the equator
penetrate into the inner core tangent cylinder and then move upward or downward along the
inner boundary for the bottom-up case, but there is no counterpart for the top-down case.
It is not certain whether the flows inside the tangent cylinder vanishes as Ej — 0, or
not.Figure 2.4 shows the contour lines of the radial component of the vorticity on the outer
boundary surface, calculated at 1'—=3000, 7000, 8000 and 20000 for the bottom-up buoy-
ancy cases. Although the main vortex tubes in the convection are located at outside of the
tangent cylinder, about 70 degrees for all cases, the onsets for E; L' — 7000 and 20000 have
the strong vortex tubes inside the tangent cylinder in which convection is not easy to occur.
The presence of vortex tubes inside the tangent cylinder relates to the critical azimuthal
wavenumber, m.. The critical azimuthal wavenumbers increase as the Ekman number, Ey,
increases for both the top-down and bottom-up cases (Figure 2.2). For the bottom-up cases in

Figure 2.2, the onsets of convection have the instability with m, = 1 for £ 1= 103 to 2% 103,
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Figure 2.2: The critical Rayleigh numbers, Ra., as a function of Ekfl for (a) bottom-up type and (b) top-down
type convection. The critical azimuthal wavenumber, is represented by m.. The Ra, varies in proportion to
E, 7, where v = 1.14 for the left and v = 1.28 for the right.

me =2 for B;' =3 x 103 to 7 x 103, and m, = 3 for E; ' = 8 x 10® to 2 x 10, When the
Ekman number is the largest in the critical convection with the same me, i.e. £, L= 7x103

and 2 x 104, the vortex tubes inside the tangent cylinder are stronger. When the azimuthal
wavelength is unchanged even if Ej decreases, the lower E} increases the Rayleigh number,
so that the motion at the low Ekman number has larger viscous effect. The viscous effect
tends to transfer the kinetic energy into the tangent cylinder (see the detail later). It is, thus,
possible that the flows inside the tangent cylinder exist if Ep —0.

The remarkable helicities in figure 2.3(b) for both cases corresponds to the convection
columns with negative value in the northern hemisphere and positive values in the southern
hemisphere, respectively. The relative axial helicity is often used to see correlation between
the axial components of the velocity and vorticity,

Hrel _

where <>, is the volumetric average in a hemisphere excluding boundary layer (e.g. Olson
et al. (1999)[45]; Schmitz and Tilgner (2010)[59]). We write the axial helicity magnitude

averaged over both hemispheres, |H7¢| (Soderlund et al. 2012[54]). The figure 2.5 shows
the relative axial helicity versus the F} ! for bottom-up case (solid circles) and the top-down
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Figure 2.3: Flow patterns for the bottom-up case in the top and for the top-down case in the bottom,
calculated at Ey = 5 x 1075, (a) The axial vorticity in the equatorial plane; (b) the axial helicity; (c) the
azimuthal component of the velocity; (d) the flow vector. (b)-(d) are drawn in a meridional cross section
through the middle of a cyclonic convection column.

case (open circles). The helicity in the bottom-up case is higher than that in the top-down
case. The lower helicity in the top-down cases is caused by the presence of the helicity with
opposite sign to the helicity of the columnar convection in the hemisphere (see Figure 2.3(b)).
For mean field theorem, helicities strengthen « effect; according to Moffatt (1978)[35], the
strength of the a—effect is proportional to a helicity. The a—effect is thought to be necessary
for generating large-scale magnetic field (e.g. Parker, 1955[41]; Moffatt, 1978[35]). It could
be expected that the bottom-up type dynamo is easier to achieve the successful dynamos
with the large-scale magnetic field than the top-down type dynamo.

Kinetic energy budget analysis was used in this study to understand the physical process
of the critical convective flows, and the our results are compared with those in a previous
work which investigated the kinetic energy budget in a uniform heating source case (Takehiro,
2010[49]). The kinetic energy transfer equation

1 N — -
%(51;.@):Ragf.g_v-(Pﬁ)—Dk—V@ (2.21)

is derived by multiplying the momentum equation by u-, where ® is the viscous energy
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Figure 2.4: Contour lines of the radial component of the vorticity on the outer boundary surface, calculated
at E; ! =3000 (a), 7000 (b), 8000 (c) and 20000 (d) for the bottom-up buoyancy cases. The vertical axis is
latitude from 0 to 90 degrees; the horizontal axis is longitude from 0 to 180 degrees. TC in the vertical axis
indicates the latitude, about 78.8 degrees, corresponding to the limb of inner core tangent cylinder.

transfer,
CI)Z' = — E jO’iju]',

and D, is the viscous dissipation,

1 2

0;; is the viscous stress tensor in the spherical coordinate, whose expressions are given in Lan-
dau and Lifshitz (1987)[60]. In the cylindrical coordinate system, (s, ¢, z), the components
of the stress tensor are
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Figure 2.5: Relative axial helicity as a function of the inverse of the Ekman number for the bottom-up case
and the top-down case. The solid (open) circles show the helicities for the bottom-up (top-down) case.

In the transfer equation the left-hand-side shows temporal change of the kinetic energy, and
the right-hand-side show the generation of the energy due to the buoyancy force, the dynamic
energy flux convergence caused by the pressure gradient force, the viscous dissipation and the
viscous energy flux convergence from the left to right. The figure 2.6 illustrates the meridional
distribution of the azimuthally averaged terms of the right-hand side of the kinetic energy
equation (2.21) at E' = 2 x 10% for (a) the bottom-up convection and (b) the top-down
convection. In the bottom-up case generation of the kinetic energy is located adjacent to, and
outside, the tangent cylinder. The kinetic energy in the top-down type convection at onset is
generated at the middle cylindrically-radius of the shell, especially on the equatorial plane.
The viscous dissipation has different patterns in each cases. Significant dissipation occurs
around the inner and the outer edges of the convection columns aligned to the rotation axis
in the bottom-up case. In addition, the strongest dissipation is found around the top and the
bottom edges of the convection columns in the top-down case. As seen in Takehiro (2010)[49],
the distribution of the generation term for a uniform source type convection is apart from the
tangent cylinder, and that of the viscous dissipation term is at the same cylindrical-radius as
the generation term but around the top and the bottom of the convection column (the detail
is described in Takehiro 2010[49]). The kinetic energy is dissipated in the top-down case and
the uniform source type case differently from that in the bottom-up case. The profile of the
viscous dissipation in the bottom-up case is different from that in the top-down case.

The kinetic energy generated by the buoyancy force is transferred to the region of strong

26



kinetic energy generation dynamic energy ) L viscous energy
viscous dissipation
by buoyancy force flux convergence flux convergence

-

@)

(b)

Figure 2.6: Azimuthally averaged terms on the right hand side of the kinetic energy transfer equation (2.21),
calculated at Ej, = 5 x 107°, and normalized by the maximum value in each terms. (a) The distributions for
the bottom-up case. (b) The distributions for the top-down case. The each figures from the left column are
corresponding to the terms on the right hand side of the kinetic energy equation from left to right.

viscous dissipation by the dynamic energy flux convergence in a uniform heat source case
(Takehiro (2010)[49]). The dynamic energy flux convergence in the present top-down cases
plays the same role as in the previous work, because negative contribution in the convection
region, and positive contribution in the top and bottom edges are observed (Figure 2.6
(a)). It is also confirmed that dynamic energy flux convergence term plays a similar role in
the bottom-up cases. Figure 2.7 shows cylindrically radial distribution of the axially and
zonally averaged terms of the kinetic energy equation. According to figure 2.7(a), the kinetic
energy generated in the convection is dissipated strongly at the inner and outer edges of the
convection column, especially at the inner one on the tangent cylinder.For the inner edge
the energy is transferred from the convection column to the tangent cylinder by the dynamic
energy flux convergence, and from the tangent cylinder to the interior of the cylinder by
the viscous energy flux convergence.The viscous energy flux convergence is important for the
balance of the kinetic energy budget for the bottom-up case.

Then, the viscous dissipation term is decomposed into individual contributions to analyze
in detail. Although the distribution of the viscous dissipation in the bottom-up case is
different from that in the top-down case, the same viscous stress tensors contribute the
profile of the dissipation. Figure 2.8 shows the cylindrically radial distributions of the viscous
dissipation and the six constituents of the viscous dissipation, averaged over the cylindrical
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Figure 2.7: Cylindrical radial distributions of the axially and zonally averaged terms of the kinetic energy
equation, calculated at Ej =5 x 107°. (a) The distributions for the bottom-up case. (b) The distributions
for the top-down case. Black solid line: generation term of kinetic energy by buoyancy force; grey solid line:
term of dynamic energy flux convergence; black broken line: viscous dissipation term; grey broken line: term
of viscous energy flux convergence.

surfaces. The six constituents in this section are defined as

_Dk = _%Ugs _%ng —%Uéd) _%<U§z+ags) _%(U§¢+022> —%(qus"‘aés)
= N, -N. -N, 3., 75 S

In both cases the viscous dissipation related to the normal stress tensors in the cylindrically-
radial and azimuthal direction, Ny and Ny, mainly form the distribution of the total viscous
dissipation. The less dominance of N, implies that the ageostrophic balance in the boundary
layer does not affect the viscous normal stresses, although the boundary layers destroy the
quasi-geostrophic balance. Because the critical convection in the bottom-up case is strongly
generated near the inner boundary on the low latitude, the system needs to make Ny stronger
on the inner boundary layer. The large magnitide of N require the equivalent one of Ny owing
to the mass conservation (2.11). In contrast, the top-down-type critical convection separates
the profile of the kinetic energy generation with the outer boundary touching the convection
column. The viscous dissipation in the top-down cases has influence of the secondary flows
in the convection column rather than the boundary layers. It seems that the distribution of
the viscous dissipation is attributed to the effect of the boundaries.

Further, viewed from another point, the viscous dissipation inside vorticity structure in
the bottom-up case is divided to the inner and outer edges of the structure by an energy
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Figure 2.8: Cylindrically radial distributions of the viscous dissipation and the six constituents of the viscous
dissipation, averaged over the cylindrical surfaces, calculated at Ej, = 5 x 107° in the bottom-up case (a)
and the top-down case (b). The gold, violet and turquoise lines are the distributions of the normal stress
represented as Ng, N, and Ny, respectively. The red, green and blue lines are the distributions of the shear
stresses represented as S, S.4 and Sy, respectively.

convergence. The representation of viscous dissipation, Dy, is separated into two terms as
Dp=-G-&-2V- [(ﬁﬁ)ﬁ]
= —w2 +Dy.

The first term on the right hand is kinetic energy reduction due to vorticity, and the second
term is advective energy flux convergence. The kinetic energy is dissipated by the vorticity
in the column convection, and then the energy is transferred from the convection column to
the inner and outer edges, more especially in the bottom-up case.

It is not certain that the viscous effect is vanished as decreasing with Ej. Figure 2.10
shows the cylindrically radial distributions of the viscous dissipation for five cases of the
Ekman number. The magnitude of the viscous dissipation at two strong points, which is the
inner edge and the outer edge of the convection, increase with the Ekman number decreasing.
Thus, this kinetic energy balance could be important if Fp — 0 .

2.3 Discussion

The onsets of the convection in the bottom-up buoyancy cases and the top-down buoyancy
cases have been investigated in the previous section in order to discover differences between
the two cases, and to understand its mechanisms. The differences in terms of the main
convection structure and the numerical problem have be clarified; the flow pattern in the
internal heating case like the top-down type and in the differential heating case like the
bottom-up type is located at the mid-depth of the shell, and adjacent (but exterior) to the
tangent cylinder, respectively ; according to the correct asymptotic theory (Dormy et al.

29



7000 7000

3500 /\ 3500
- NN P
s \ 7z
Nie /
/\ / : /
\ -3500 \ /

magnitude

[}
=]
>
-3500 \ =
\/ > \ 7
\ h < \ /
Vo S \ /
~7000 v — Dk -7000 {{ — -Dy \ !
v —— R - - \ I
\ /
—— Da — Da \ /
-10500 — -10500 4 ‘.\ P
\ |/
-/
-14000 -14000
0.00 0.25 0.50 0.75 1.00 1.25 0.00 0.25 0.50 0.75 1.00 1.25
Cylindrically-radius Cylindrically-radius

Figure 2.9: Cylindrically radial distributions of the viscous dissipation, and two constituents, averaged over
the cylindrical surfaces. Thick solid line is viscous dissipation. Broken line (thin solid line) is the viscous
dissipation by vorticity structure (advective energy flux convergence).

0 —

N —=
A . /////
VAN 7
/1) \ 7
NN -/
-2000 \ H —
\\ /I \
W I \ 7,
o N~
v
W/t
-4000 b
(1
[
o !
° I
=} \/
=
‘©  -6000 .
o
IS
1S —— ES1=7000
—— E/1=8000
-8000 —— EJ1=14000
— E1=20000
-10000
-12000
0.00 0.25 0.50 0.75 1.00 1.25

Cylindrically-radius

Figure 2.10: The cylindrically radial distributions of the viscous dissipation for five cases of the Ekman
number: Ekfl = 7000, 8000, 14000 and 20000.

30



2004[46]), the numerical description for the differential heating case needs to include the
effect of an ageostrophic shear layer on the tangent cylinder. In this paper the purpose is to
clarify the physical reasons why the difference arises by the different buoyancy cases.

The decrement of the critical Rayleigh number with the Ekman number is slightly smaller
in the bottom-up case than that calculated by a local analysis at E; —0 (e.g. Chandrasekhar,
1961[1]; Roberts, 1968[51]). The same result was obtained in Al-shamali et al. (2004)[50], and
they found that the critical Rayleigh number varies in proportion to £ 116 “although they
concluded that the reason is that the calculation was not set up at Ep — 0. One of possible
reasons is Fj adopted in the present study is not small enough to be in the asymptotic limit.
In addition, the local analysis has not considered the influence of the inner boundary on
convection. In the bottom-up cases the effect is not negligible because the flows outside the
convection columns play the important role of balancing kinetic energy budget. Therefore, it
is not necessary that the present calculations yields the same results as those based on local
analysis.

A previous work (Dormy et al. 2004[46]) treats the ageostrophic shear layer on the inner
boundary as the one playing the role in vanishing the amplitude of the velocities. Because
the role leads to increasing the viscous dissipation in the layer, the distribution of the dissi-
pation in this results could be similar to that in the previous work. However, the onsets of
the bottom-up type convection in this study have the additional flows through the tangent
cylinder, and the flows help the viscous dissipation. The ageostrophic shear layer plays role
of strengthening the dissipation rather than vanishing the amplitude.

The reason why the the flows through the inner core tangent cylinder around the inner
boundary are formed in the bottom-up cases is probably as follows. Because the convection
column generally tends to have axisymmetric structure about the center axis of the convection
column, the convective flows around the tangential points to the inner core have little flux in
the azimuthal direction, but strong flux in the radial direction. The radial influx or outflux
needs to flow in the latitude or rotation-axis direction around the inner boundary because
the fluid at any point satisfies the continuity equations (2.11). The strong mass flux makes
the viscous dissipation in the ageostrophic layer more effectively (see Figure 2.7(a)) since
V- ti=04+04p+ 0., =0.

Although our calculations of the critical convection are in linear problem, the mass con-
servation must be satisfied also in the MHD dynamo, if the fluid is still considered as the
Boussinesq one. For MHD numerical dynamos driven by bottom-up buoyancy, the magnetic
and velocity fields inside the inner core tangent cylinder often have different features from
outside (e.g. Takahashi et al. 2003[56]; Aubert, 2005[26]) ; for example, the multipolar dy-
namos driven by the bottom-up cases has the zonal flows by thermal wind inside the tangent
cylinder, but by the Reynolds stress outside (Aubert, 2005[26]). Although generating the
convection in the interior of the tangent cylinder is more difficult than the exterior, the flows
inside the tangent cylinder might exist, and have the different strucure from that outside. It
is possible that the position of the convection adjacent to the tangent cylinder in bottom-up
type produces the influx and outflux through the cylinder, and their flows could affect the
planetary core dynamics inside the tangent cylinder.
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Chapter 3

MHD Dynamo in a Rotating
Spherical Shell

3.1 Problem Setup & Method

MHD dynamo simulations are performed by the code based on Takahashi (2012)[61]. In the
similar system to the previous chapter we consider the dynamos driven by compositional
convection in a rotating spherical shell. The Boussinesq fluid in the shell shall has a finite
electrical conductivity in this chapter. By using the thickness of the shell d for the unit of
length, the viscous diffusion time d2 / v for the unit of the time, (2pun2)/? for the unit of
the magnetic field, and —f;d and —f,d for the unit of mass fraction in the bottom-up case
and the top-down case, respectively, the non-dimensional equations are

ou - - r 1 - = =
By | S+ (8- V)i — V2| =tiix ¢, —VP+RS; ¥~ +—(VxB)xB  (3.1)
ot R, Ppn
OB 1 _,= = -
—=—V*B u X B 2
Fr va +V x (4 x B) (3.2)
0 L o= 1 o
57 & T8 (@ V)(&+&) = 5 ViE +§) (3.3)
(&
V-id=0 (3.4)
V-B=0, (3.5)
where the gravitational acceleration is assumed as § = —g,7/ R, in this section. These equa-
tions have four non-dimensional parameter: the modified Rayleigh number R = —afg,3d?/2Qk¢ (=

RaFE}S;), the Ekman number Ej, = V/2Qd2, the magnetic Prandtl number P, = v/n, and

the Schmidt number S, = v/x¢. In this study, the parameter is set up at £, = 1074, P, =3
and Sc = 1. The profiles of the d¢,/dr are the same as the previous chapter. The unknown

vectors, 4 and E, are expanded to the form as
i =V x (ﬁ x Upér) + vV x Wi, (3.6)
B=V x (Vx Spér) + V x Tiér. (3.7)

where U, and W; are the poloidal and toroidal, respectively, scalars of i, S, and T} are the
poloidal and toroidal, respectively, scalars of B in this section.
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We multiply the double curl and the curl of the momentum equation, and the induction
equation and the curl of the induction equation by €, obtaining four equations for Uy, Wi,
Sp and Tj:

E Lo o
=k {% — VQ] LoV2U, = —6;.-V xV x M (3.8)
E - N
—k [8625 Vﬂ LoWy=¢€,.-V x M (3.9)
1 (9 2 N = N =4
_ a — P_v L2Sp =€, - {V X (u X B)] (310)
1 1 > = 5
= {%—P—VE} LTy = é,. - [V x V x (4 x B)], (3.11)
where 52
L
2_ 9 L2
Vs orz  r2’
and

. . P 1 - = L
M:—(6-V)ﬁ+ﬁxe§+RS§1§RL+P—(V><B)><B.
(0] m

The shell is electrically insulating with stress-free boundaries, and chemical flux is fixed at
the both boundaries:

o (1OU,\ & (W, o 1
b 87"(7°2 @r) 8r(r2> or 0 atr 1_Xand7“ 1—x (312)

The unknown scalars are expanded by the spherical harmonics that is introduced in the
previous chapter;

T’ 0 ¢7 ZUmcs r, mc’s(8,¢)
T 9 ¢ Zwmcs r mc,s(e’gb)
7" 9 ¢’ Zsmcs r, mc,s(6,7¢)

7” 0 ¢> ZTmcs r, mc,s(0’¢)

By multiplying the equations (3.8), (3.9), (3.10) and (3.11) by ¥;""“", and integrating them
over a spherical surface, equations for the unkown scalars are derived as forms of

l(l+1) 0 2 2 mcs_ mcs—.
(l+1 0 me,s mcsﬂ
Eknm% { o VQ] W = / Y, -V x MdS (3.14)
S
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l l 1 ]_ ! — —
nmu [2 - —Vg] e = / Y, %6 - [V x (4 x B)|dS (3.15)
m S

r2 ot P, pi
l(l + 1) a 1 2 / , / S — = = — =4
O {& - P—mvs] Tt = /SY;””@T [V x V x (@ x B)dS . (3.16)

The poloidal magnetic field needs to be connected with the exterior potential fields at the
boundaries as

a l + ]- mc,s . .
<_(9r - > Sy =0 atr =R (3.17)
o 1
-~ v mc,s _ _ Y. .1
(67" + r) Spi 0 atr=R (3.18)

The Crank-Nicolson scheme for the diffusion terms, and the 3rd-order Adams-family
predictor-corrector scheme for the others are used to time-integrate the equations (3.13),
(3.14), (3.15) and (3.16). As the initial conditions in this time-integration, the obtained crit-
ical convection in Chapter 2, calculated at Ej, = 10~* in the top-down and bottom-up cases,
and axisymmetric dipole magnetic fields are given. Note that the dynamos in this study can
generate only quadrupole symmetric velocities and dipole dymmetric magnetic fields.Spatial
resolution is set at n, = 60, ng = 192, ny = 288. Truncation level in the spherical harmonic

expansion is n; = 95, and the time increment is 6t = 2.5 x 1077.

3.2 Results

First, we search for successful dynamos in the bottom-up and top-down buoyancy cases.
Figure 3.1 and 3.2 show temporal variation of the kinetic and magnetic energy density in
the cases of bottom-up and top-down source. The kinetic and magnetic energy densities in
Figure 3.2 are calculated as

Fmag = 95ipnB® = smbw Sy [IV X (V X $,6)P+|V x T 2] av
By =302 = Jy IV x (V x U,@) 24V x Wigp 2] av,

where V' is volume of the spherical shell, and then the densities are output in time increment
of 2 x 107°. In this study, if the magnetic energy density drops by more than two orders
of magnitude, the case is defined as a failed dynamo. If the statistically steady state of the
magnetic and kinetic energy is obtained, the case is treated as a successful dynamo. As a
result, the steady states of the energy are achieved only in the two top-down cases which are
calculated at Ra = 4.5Ra,. (in the middle of Figure 3.2) and at Ra = 5Ra,. (in the bottom of
Figure 3.2). Thus, the onset of dynamo action in the top-down case starts at the Rayleigh
number about 4.5Ra., where Ra, is the critical Rayleigh number for the onset of convection,
although we cannot obtain any successful dynamos up to Ra = 20Ra. in the bottom-up case.

In Table 3.1, the time-averaged results of MHD dynamo for the top-down and bottom-up
buoyancy cases, calculated at Ej, = 107 are represented. According to the time-averaged
|H7¢| in Table 3.1, although the onset of the dynamo in bottom-up case cannot be achieved
in this study, the relative axial helicities are not so different between the top-down and
bottom-up cases. In general, helical flows efficiently generate the magnetic field. It seems
that the onset of dynamo action in our results are not related only to helicity.
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Table 3.1: The time-averaged results of MHD dynamo.
Type Ra/Rac Dyna'mo Ekln szn/Tkzn |H;el| A’L Emag Pmag/Tmag fdip foct

T 4.0 F 770 6.8% 0.29 - - - - -
T 4.5 S 713 12% 0.36 0.14 240 23% 0.39 0.53
T 5.0 S 899 15% 0.38 0.24 405 30% 0.31 0.42
B 10 F 760 6.0% 0.35 - - - - -
B 12 F 990 7.3% 0.37 - - - - -
B 20 F 2390 16% 0.29 - - - - -

Column 1: buoyancy source type that is either bottom-up case (B) or top-down case (T); Column 2: the
input Rayleigh number normalized by the critical Rayleigh number; Column 3: symbols of successful
dynamo (S) or failed dynamo (F); Column 4; kinetic energy density; Column 5: the ratio of poloidal kinetic
energy to toroidal kinetic energy; Column 7: Elsasser number; Column 8: magnetic energy density; Column

9 : the ratio of the poloidal magnetic energy to the toroidal magnetic energy; Column 10: dipolarity,
- _ 1/2 R R 1/2
Faip = { [ Biy(r = Ry) - Boa(r = Ro)ds} /[ [B(r=R,) B(r= Ro)ds} , Column 11: octupolarity,

foor = [ Bioslr = Ro) - Bra(r = Ry)ds| oy [ Btr = R,) - B(r = R,)as] i

0.55

Failed t.op'down';':ype dynamo O
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Relative axial helicity
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Figure 3.3: Time-averaged relative axial helicity versus the ratio of the poloidal kinetic energy to the toroidal
kinetic energy, Pyin/Tkin- Red (blue) circle is in the top-down (bottom-up) cases. Solid (hollow) circle means
the plot in the successful (failed) dynamo. Black line indicates the onset of the dynamo action.

in Table 3.1, increase as increasing the Rayleigh number. In the top-down buoyancy cases the
successful dynamos are driven by the convection in which the ratio is more than 10 percent,
although the failed bottom-up dynamo calculated at Ra = 20Ra. has the strongest ratio in
the six cases.
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Figure 3.4: The radial component of the velocity field on the equatorial plane viewed from the north. The top
(bottom) is the profile for the bottom-up case, B, (top-down case, T). The left column is the failed dynamo
cases (Ra/Ra. = 12 in the bottom-up case, and Ra/Ra. = 4 in the top-down case), and the right column
is the failed dynamo at Ra/Ra. = 20 in the bottom-up case and the successful dynamo at Ra/Ra. = 4.5 in
the top-down case.

Figure 3.3 shows the time-averaged relativ axial helicity versus the time-averaged ratio of
the poloidal kinetic energy to the toroidal kinetic energy. The successful dynamos in the top-
down cases have the relative axial helicity close to that in the failed bottom-up dynamo at
Ra/Ra. = 4 and 4.5, but Py, /Tkin in the successful dynamos is larger. On the other hand,
the failed bottom-up dynamo at Ra/Ra. = 20 generates flows with the highest P, /Tkin,
but the lowest relative axial helicity in the six cases. Both |H7®| and Py, /Thin affect the
onset of the dynamos, and the successful dynamos need the large value of both |H2¢| and

Prin/Tkin.-
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Figure 3.5: Flow patterns (arrows) and the axial vorticity (color) for the failed dynamo of the bottom-up
case at Ra = 12Ra. and t = 1.495 (a), and Ra = 20Ra. and ¢t = 1.5 (b) on the equatorial plane.

Figure 3.6: Same as Figure 3.5 but for the failed and successful dynamo of the top-down case at Ra = 4Ra,
and t = 1.49 (a), and Ra = 4.5Ra. and t = 1.5 (b), respectively.
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Figure 3.7: Snapshot of the radial component of the magnetic field at the outer boundary at Ra = 4.5Ra.
(a) and Ra = 5Ra,. (b) in the successful top-down cases.

Figure 3.4 shows the radial component of velocity on the equatorial plane for the bottom-
up cases and the top-down cases. Compared with the bottom-up cases, the radial velocity
concentrates in the outer region of the shell in the top-down cases. This distribution is similar
to that in the internal heating case in the previous works (e.g. Hori et al. 2010[58]; Hori et
al. 2012[62]). The distribution of the radial velocity in the top-down case could be affected
by the conductive compositional gradient steeper than the inner region of the shell, as in the
previous studies. On the other hand, the radial flows in the bottom-up case at Ra = 12Ra,
and the top-down case at Ra = 4Ra. show a hemispherical asymmetry in Figure 3.4. The
concentration of the radial velocity, produced only by the poloidal components, could cause
the low Pyipn/Tyin in table 3.1.

Figure 3.5 and 3.6 show flow patterns (arrow) and the axial component of the vorticity
(color) on an equatorial plane. All the cases have the westward zonal flow in the deep part
of the shell. It seems that the zonal toroidal flows become weaker than the other flows as
the Rayleigh number increases in the both cases. In fact, the ratios of the kinetic energy
constituted by the zonal flows to that by the total flows in the whole system decrease from
22% at Ra = 12Ra. to 13% at Ra = 20Ra. in the bottom-up cases, and from 27% at
Ra = 4Ra. to 13% at Ra = 4.5Ra. in the top-down cases.

Both the convective vorticities and zonal flows are located adjacent to the inner boundary
in the bottom-up cases (Figure 3.5). The zonal flows often become strong with increasing
the Rayleigh number in some dynamo models (Busse, 2002[63]; Aubert, 2005[26]), where
convection also becomes vigorous. According to Busse (2002)[63], but in the internal heating
case, the distributions of the convective flows and the zonal flows are spatially or temporally
distinct, so that the flows of the convection column can overcome the shearing action. Be-
cause the convection column has helical structure, the presence of the convection column is
important for the dynamo action. It is likely to be difficult for the bottom-up type dynamos
in this study that the convection is spatially distinguished from the zonal flows owing to the
profile of the conductive compositional flux.

The distribution of the radial component of the magnetic field on the surface at the outer
boundary in the successful top-down cases in shown in Figure 3.7. It seems that the profile
of the radial magnetic field is not dipole-dominant on the outer surface. In addition, the
dipolarity, which is defined by the ratio of the power in the dipole component to the total
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Figure 3.8: Time-averaged magnetic power spectrum at the outer boundary at Ra = 4.5Ra,. (a) and Ra =
5Ra. (b) in the successful top-down cases, normalized by the value of the power at [ = 3.

power of the magnetic field as

= — 1/2
[ Bros(r = Ro) - Bis(r = Ro)dS | "

[ B(r = R,)- B(r = R,)dS

fdip =

Y

is not so large (Table 3.1), so that the dynamos generates non-dipole dominant magnetic
fields. The octupole field, which is defined as

] — 1/2
[ Broy(r = Ro) - By(r = Ro)ds "

[ B(r=R,)- B(r = R,)dS

foct -

)

dominates the morphology rather than the dipole, (see also Figure 3.8: the time-averaged
magnetic power spectrum at r = R,), because the proportions of octupole field is approxi-
mately half of the total fields. ~

As seen in table 3.1, the successful dynamos have the Elsasser number, A = 2P, Ej, Epqq,
less than one. This means that the total effect of the Lorentz force is smaller than that of
the Coriolis force. The convection in the two successful dynamos is hardly affected by the
magnetic force. Thus, the force balance in the whole system could be quasi-geostrophic at
the leading order.

Figure 3.9 shows zonal flows on meridional cross section in the bottom-up cases at Ra =
12Ra. and Ra = 20Ra., and the top-down cases at Ra = 4Ra. and Ra = 4.5Ra.. The
contour lines of the zonal flows in all the cases almost extend in the rotation-axis direction.
This means that the zonal flows are almost geostrophic. In both the bottom-up cases and
the top-down cases, the thermal wind and Lorentz force have little impact on the zonal flows.
Figure 3.10 shows snap shots of the azimuthally-averaged mass fraction on the meridional
cross section in the bottom-up cases at Ra = 12Ra. and Ra = 20Ra., and the top-down
cases at Ra = 4Ra. and Ra = 4.5Ra.. The axisymmetric mass fractions have homogeneous
distribution on the spherical surface. Thus, thermal wind is not dominant in all cases.
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Figure 3.9: Time-averaged zonal flows on the meridional cross section in the bottom-up cases at Ra = 12Ra,
and Ra = 20Ra., and the top-down cases at Ra = 4Ra. and Ra = 4.5Ra. The isolines -120 to 120 in 12
increments in the bottom-up cases, and -56 to 56 in 5.6 increments in the top-down cases.
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Figure 3.10: Snapshots of the azimuthally-averaged mass fraction on the meridional cross section in the
bottom-up cases at Ra = 12Ra. and Ra = 20Ra., and the top-down cases at Ra = 4Ra. and Ra = 4.5Ra..
Red (blue) represents high (low) values. The isolines 0 to 0.14 in 0.07 increments in the bottom-up cases,

and -0.4 to 0 in 0.2 increments in the top-down cases.
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Figure 3.11: Time-averaged power budget of zonal flow in bottom-up case at Ra = 12Ra.. Ppg is kinetic
energy flux divergence by the Reynolds stress; P. and Pj, are power exchanged by the Coriolis force, and the
Lorentz force, respectively; Py is power that include viscous dissipation and viscous energy flux convergence.
The distribution of Py, is not shown because this case is the failed dynamo. The isolines in 3.69 increments
in Pg, in 4.23 increments in P, and in 8.47 increments in Pyy. The value above each figures is the volumic
integration of the term.
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Figure 3.12: Same as Figure 3.11 but in bottom-up case at Ra = 20Ra.. The isolines in 36.8 increments in
Pg, in 29.8 increments in P., and in 16.4 increments in Py .

The kinetic energy equation of zonal flow is written as
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Figure 3.13: Same as Figure 3.11 but in top-down case at Ra = 4Ra.. The isolines in 0.436 increments in
Ppgr, in 0.867 increments in P., and in 2.56 increments in Py

Pc 0.20 } Py -1.45

Figure 3.14: Same as Figure 3.11 but in top-down case at Ra = 4.5Ra.. The isolines in 0.545 increments in
Ppgr, in 1.24 increments in P., in 0.380 increments in Py, and in 2.42 increments in Py

where the overline means the azimuthal averaging operator. The terms on the right-hand-
side in equation (3.19) are kinetic energy flux divergence by the Reynolds stress (Pr), power
exchanged by the Coriolis force (P¢) and the Lorentz force (Pr), respectively, and sink that
include viscous dissipation and viscous energy flux convergence (Py). In Figures 3.11 to
3.14, the profiles of time-averaged power budget on meridional cross section are shown in the
bottom-up cases at Ra = 12Ra. and 20Ra., and in the top-down cases at Ra = 4Ra. and
4.5Ra..

In the energy budget of zonal flows, the energy flux divergence by the Reynolds stress
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is dominant in all the cases. The power exchanged by the Coriolis force is weak in all the
cases, so that the zonal flows do not have the influence of zonal thermal wind. For the failed
dynamos (Figures 3.11 to 3.13), the divergence by the Reynolds stress, Pg, is balanced by
the viscous effect, Py,. The meridional distributions of Pg are different between the dynamos
driven by two buoyancy sources; those in the bottom-up and top-down cases extend on the
inner core tangent cylinder, and located outside, respectively. The distribution of P could
be affected by the position of convection.

The successful dynamos in the top-down cases also have the strong power by the Reynolds
stress, but the dominance of the sink term is not only the power exchanged by viscous force
(Figure 3.14). The energy sink in the successful top-down dynamo is dominated by both the
viscous and Lorentz force. A strong effect of the Lorentz force was not expected because
the Elsasser number is lower than one, but the effect of the Lorentz force is strong in the
zonal flows. Because the power of Pj is a work by the Lorentz force, the kinetic energy is
exchanged with the zonal magnetic energy by using the zonal flow and the axisymmetric
poloidal magnetic field.

The kinetic energy in the failed dynamos is dissipated by viscous effect. The distribution
of Py is located at the same region as that of Pg. In the bottom-up cases (Figure 3.11 and
3.12), Py has positive value on the inner boundary, so that the role of the viscous effect in
the kinetic energy budget is not only dissipation but also energy transfer. This profile is
similar to the critical convection obtained in Chapter 2, in which the critical convection in
the bottom-up cases has the strong effect of the viscous energy flux convergence on the inner
boundary. It is possible that the viscous energy flux convergence plays the role of encouraging
the dissipation in not only the critical convection but also the energy budget of zonal flows
for the dynamo.

In the region of the work by the Lorentz force, the axisymmetric poloidal field line is
twisted, and the zonal toroidal field is generated. Figures 3.15 and 3.16 show the time
variation of the zonal field (color) and the axisymmetric magnetic field line (lines) for top-
down cases at Ra = 4.5Ra, and Ra = 5Ra., respectively. The zonal magnetic fields are
generated in the region, especially for the high latitude around the outer boundary. This
mechanism is the w—effect. In the top-down successful dynamos, the w—effect arises in the
region.

The axisymmetric magnetic fields in the top-down cases oscillate toward the outer bound-
ary in the latitude direction, especially for the poloidal field lines in Figure 3.15 and 3.16.
The patches of the poloidal field line move from the equator to the poles. The oscillation is
also found in the previous studies with internal heating (e.g. Grote et al. 2000[57]; Busse
2002[63]; Busse and Simitev 2005[64]), although we calculate a part of the full dynamo action
because quadrupole symmetric velocities and dipole magnetic fields can be generated in this
study.

3.3 Discussion

In this calculation, we searched for the onset of the dynamos driven by top-down and bottom-
up buoyancy by giving the critical convection and the axisymmetric dipole magnetic field
as initial conditions. This system can generate only quadrupole symmetric velocities and
antisymmetric magnetic fields. The restriction on the symmetry could affect the dynamo
mechanism, especially for the bottom-up cases.

The onset of the dynamo driven by the top-down buoyancy was obtained at Ra = 4.5Ra,
in this study. The patches of the axisymmetric magnetic fields in the successful top-down
dynamos move from the equator to the poles. This result is the same as the cases with full

45



Figure 3.15: Temporal evolution of the zonal field (color) and the axisymmetric magnetic field line (lines)
for top-down case at Ra = 4.5Ra,. for equidistant times (from left to right in top, then in bottom) in 0.0075
time-increment. Solid (broken) lines indicate for positive (negative) values.

dynamo action in the previous works, which consider the dynamos driven by internal heating
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Figure 3.16: Same as Figure 3.15 but at Ra = 5.0Ra..

(e.g. Grote et al. 2000[57]; Busse 2002[63]; Busse and Simitev 2005[64]). In addition to the
oscillation, the patterns of axisymmetric fields are similar to that in the dipolar dynamo cases
in their previous works. The fact indicates that dipolar magnetic fields in top-down dynamos
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can be generated by only the quadrupole-symmetric velocities from the dipole-symmetric
magnetic fields.

The results for the top-down dynamo could not be affected by the boundary conditions of
velocities and magnetic fields. In this study, boundary conditions are stress-free boundaries
for the velocity field, and electrically insulating for the magnetic field. According to Simitev
and Busse (2005)[34], the resultant magnetic fields have little difference between the dynamos
with insulating and perfectly conducting inner core. For the velocity boundary conditions, if
the non-magnetic system is considered, the differential rotation is stronger in the convection
with no-slip boundaries than stress-free boundaries because the Ekman layer exists on no-
slip boundaries. However, the difference is destroyed by the Lorentz force in the dynamos
in which the Elasasser numbers are less than 1 in Simitev and Busse (2005)[34], so that the
velocity boundary conditions could not vary the velocity also in our dynamos.

The compositional (or thermal) boundary conditions strongly affect the kinetic energy
budget of the zonal flows in the top-down dynamos. In Hori et al. (2010)[58], when the
Rayleigh numbers are a few times of the critical Rayleigh number in the dynamos driven by
internal heating, the zonal flows are dominated by the Reynolds stresses in the case with the
fixed temperature boundaries; in contrast, the dynamos with the fixed heat flux boundaries
generate the zonal flows owing to thermal wind. They conclude that the structures in the
fixed heat flux cases are promoted by force balance between the Lorentz force by the strong
dipole field and the Coriolis force. However, the top-down dynamos in the present study with
fixed compositional flux boundaries do not have the thermal wind. It is possible that thermal
wind does not happen in the present calculation because of the restriction on symmetry of
the fields, with which only the quadrupole-symmetric velocities and the dipole-symmetric
magnetic fields are taken into account.

On the other hand, bottom-up dynamo did not succeed up to Ra = 20Ra.. For full dy-
namo action, successful dynamos in similar situation are obtained at lower Rayleigh number
than our result; for example, the onset of the dynamo driven by differential heating buoyancy
source is about Ra = 6Ra. at x = 0.2 and Ej, = 3 x 1074, but P, = 5 in Heimpel et al.
(2005)[65]. Some successful dynamos in full dynamo action have an oscillation of two modes
in axisymmetric velocity and magnetic fields, although the time-averaged fields has only one
mode; for example, the zonal flows in the time average are much higher quadrupole-symmetry
than in a time snapshot (Aubert, 2005[26]). For the previous work (Takahashi 2003[56]), the
zonal fields often oscillate between dipolar and quadrupolar symmetries inside the tangent
cylinder, but without oscillation outside. This means that the bottom-up dynamo can gener-
ate both the dipole-symmetric and quadrupole-symmetric fields inside the tangent cylinder.
Because our model generates only the dipole-family magnetic field, the generation process is
strongly limited in the present bottom-up cases. It could be essential for dynamo driven by
bottom-up buoyancy to generate both the symmetric and antisymmetric fields. Thus, it is
possible that coupling dipole-symmetric or quadrupole-symmetric flow with magnetic fields
with various symmetry is essential for the onset of the dynamo.

The coupling the symmetry is significant for the Mercury’s core dynamo, generating the
offset-dipole magnetic field (Takahashi et al. 2019[10]). In Takahashi (2019)[10] using dy-
namo driven by double-diffusive convection, the dynamo fed by bottom-up-type composi-
tional buoyancy can generate the offset-dipole magnetic field, although the kinematic dynamo
action in the bottom-up case generate not offset-dipole but quadrupole-family magnetic field.
Thus, the nonlinear Lorentz-force effect is essential for the Mercury’s core dynamo. Because
the Lorentz force couples dipole-symmetry fields with quadrupole-symmetry fields, the ful
bottom-up-type dynamo action could contain the stronger nonlinear effect than the full top-
down-type one.

It is possible that the zonal toroidal flows in our bottom-up failed dynamo prevent the

48



columnar convection from generating the large-scale magnetic fields. The zonal flows were
generated by the divergence of the Reynolds stresses, although the most bottom-up dynamos
in previous works (e.g. Aubert 2005[26]; Sakuraba 2007[66]) have the zonal flows owing to the
zonal thermal wind even if the fixed temperature boundary conditions are satisfied. Because
the thermal wind destroys geostrophic balance of zonal flows, and results in differential
rotation of the flow, it is difficult for our model to generate the zonal toroidal field by w-
effect. Dynamo might fail due to the difficulty.

The core dynamics in Earth has the strong zonal flows, which are averaged over the 1840-
1990 period, and the speed is about 0.3—1.0° par a year inside the inner core tangent cylinder
(Paris and Hulot (2000)). According to the numerical dynamos in previous works, the zonal
flows could be dominated by the zonal thermal wind in the dynamo driven by bottom-up
type buoyancy, especially for the interior of the inner core tangent cylinder. The present
results suggest a possibility of essential effects of the thermal wind on the zonal flows in the
bottom-up dynamos because the effects easily generates the zonal toroidal fields owing to
w-effect. On the other hand, the top-down dynamos are likely to generate the zonal flows by
Reynolds stresses in both the present and previous calculations (e.g. Busse, 2002[63]; Grote
et al. (1999)[67]; Grote et al. (2000)[57]). The zonal flows by Reynolds stresses have a weaker
differential rotation than that by the thermal wind because they cannot directly destroy the
geostrophic balance in the zonal flows.

The different mechanisms dominating in zonal flow could affect the observed magnetic
fields in the other bodies. In the case of Ganymede, it is believed that the core dynamo is
mainly driven by either top-down or bottom-up type compositional buoyancy. The buoyancy
types could decide the azimuthally movement of the magnetic field frozen in the zonal flows,
so that the difference in the source of the zonal flows should be able to restrain the main
buoyancy type in the Ganymede’ core. The restraint of the buoyancy types can decide the
solidification scenarios in the Ganymede’s core. However, the detail of the zonal flows cannot
be estimated in this study because we did not calculate full dynamo action. Future work
should therefore investigate the full dynamo action, and discover the difference of kinetic
energy budget of the zonal flow between bottom-up and top-down types.
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Chapter 4

Conclusions

In this thesis, we investigated the onset of the convection (Chapter 2) and dynamo (Chapter
3) driven by the bottom-up and top-down buoyancy in a rotating spherical shell containing
the Boussinesq fluid. This research aimed to identify the physics of the critical convection
and the dynamo by comparing the results of the bottom-up cases with that of the top-down
cases.

In Chapter 2, we found that the location of the critical convection produced the different
kinetic energy budget between two buoyancy cases and the additional flow for the bottom-up
cases. In the bottom-up cases, the additional flow inward or outward the inner core tangent
cylinder is not directly generated by the buoyancy force, but important for balancing the
kinetic energy budget. Because this flow could result from mass conservation on the inner
boundary, this flow could be generated in the planetary core, and it might affect the core
dynamics.

In Chapter 3, it was found that the top-down dynamos are achieved at a Rayleigh num-
ber less supercritical than the bottom-up cases. For the bottom-up dynamo it is difficult to
generate the poloidal kinetic energy because the convective flows are destroyed by the zonal
flows located in the deep part of the shell. Helicity has little connection with the source of
dynamos in this research. Although the generation process caused by helical convection have
been explained by the equatorially-symmetric flows and equatorially-antisymmetric mag-
netic fields, it might be important for the process that equatorially-asymmetric flows and
equatorially-symmetric magnetic fields affect core dynamics.
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Appendix

Toroidal and poloidal vector field

In this thesis, the unknown vector was expanded with toroidal and poloidal components. In
chapter 2, the velocity was represented by using a poloidal scalar, U, and a toroidal scalar,
W, as a form of @ = V x (ﬁ x UT) + V x W7, In a system of spherical coordinates (r,0,0),
the components of the poloidal and toroidal flows are:

LU _19%(rU) 1 8*(rD)

Ur = r’ o= r 000r Up = rsin@ O¢or
1 oW oW
Wr =0, = G600 Wo=""4"

The curl of the velocity, i.e. vorticity, &, is represented as

[V x (VX UR] + V x (V x WF)
V(U] +V x (V x WF)

19%(rU) LU\ | = =
x[(—; 5,2 + T2>T]+VX(VXWF).

In chapter 3, the expansion is a little difference from chapter 2: @ = V x (6 x Ueé,)+ V x

Weér and B =V x (V x 56.) + V x Té,.. In a system of spherical coordinates (r, 6, ¢), the
components of the poloidal and toroidal magnetic fields are:

W=V XU

V x
V x

I
<l

LyS 1 928 1 9%S

Sr = 2 S0 = r000r’ 56 = rsin 6 OpOr
1 0T 10T
=0 Te_rsin@%’ ¢ o0

and the curl of the magnetic field, i.e. electric current, has a form as

9?8 LoS

VXBZVX{(—W r—2>e?}+V><(V><Te?).

Spherical harmonics

The scalars, U, W, S and T', and composition, &, are expanded in spherical harmonics, Ylmc’sz

for example,

Ur,0,0,t) = U(r,t)Y;"°(0,6) .
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Ylmc’S are defined in this thesis as

Y0, ¢) = P"(cos 8) cosme
Y0, 6) = P (cos 6) sinm

where P/" is the normalized associated Legendre function:
™
/ P (cos )P (cos ) sinfdf = 1.
0

Two functions of spherical harmonics are orthogonal when integrated over the surface of a
sphere:

2r
/0 YZ’“C’S(Q, ¢)Yl7:26’s(9’ ®) sin 0dOdd = 6,1, 6mymaTom,
2w
/0 Y50, ¢)Y,""4(0, ¢) sin 0dfd¢ = 0,

where 1y, = (1 + 6, 0)7. We use the identity
in/imC,S — l(l + 1)}/lmc,8 .

Basic state of composition

The unknown variation often separates here into basic state of hydrostatic and its pertur-
bation. In terms of composition (or temperature), the governing equation of the basic state
is

kV2,+0=0,

where x is the compositional diffusivity, and o is the rate of heating by source. When we
assume that &, is homogeneous on a spherical surface, the equation is rewritten as

10 (205%) _ o
r2 Or or ) kK’

or 3k r2’

and then

where C' is a integration constant.
For internal heating case, C' is often negligible, and the radial gradient of &, is

9% _ 1o
or 3r<cr
= —0r

The flux at outer boundary is the largest in the spherical system.
Another case is differential heating of no compositional source, thus

9e, C

or  r2’
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The boundary conditions in this case is often &, = £; at the inner boundary (r = R;) and
& = & + A&, at the outer boundary (r = R,). Thus, the flux is rewritten as

850 _ —AfoRiRo
or

and has the maximum at the inner boundary.

When we consider only the compositional convection in the Earth, the flux is often zero
at the core-mantle boundary. The boundary conditions are d§,/dr = —h;(< 0) at r = R;
and d§,/dr =0 at r = R,, then the compositional flux of the basic state is represented as

9, R2h; RS
= T — T_2 .

Or - R3— R3

Y

72

In the thermal convection by removal from mantle convection and the compositional con-
vection in the Ganymede, the flux is supplied from the outer boundary. The boundary con-
ditions are d&,/dr = 0 at r = R; and d,/dr = —ho(< 0) at r = R,, then the compositional
(or thermal) flux of the basic state is represented as

9  Rih, . R}
or  R3— R3 r2 )’
The radial distribution is shown in Figure 4.1, in which the radial ratio is set up at 0.2,
and the Prandtl number is one as an example.

0 e ———
\i
"
o e
- +
T 1 ¢
-—
w
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w
®
0
52 f
x
3
=
2
S
=
w
]
Q.
£ 4]
o Inertial heating cage —
Differential heating case
Bottom-up case ====
5 | . Top-down case
0.25 0.5 0.75 1 1.25

Radius

Figure 4.1: Radial gradient of compositional basic state, d€,/dr The black solid line is the compositional flux
in the inertial heating case.; the grey solid line is in the differential heating case.; the black broken line is in
the bottom-up case.; the grey broken line is in the top-down case.
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Linear stability analysis

Flow patterns at onset

In chapter 2, we shows flow patterns in the bottom-up and top-down type convection at
Ej, =5 x 107 as the examples. Here, flow patterns in all the cases are showed in following
figures.

@ (b)

[)

g -

=) (&>
=

Figure 4.2: Flow patterns in the bottom-up cases, calculated at Ek_1 = 1000, 2000 and 3000 from top to
bottom. The figures show that (a) rotating-axial vorticity in the equatorial plane, (b), (¢) and (d) rotating-
axial helicity, the azimuthal component of the velocity, and the flow vector in a meridional cross section
through the middle of the cyclone.
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\ﬂw

= 4000, 5000, 6000, and 7000 from top to bottom.

Figure 4.3: Same as Figure 4.2 but at E,;l
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Figure 4.4: Same as Figure 4.2 but at E
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Figure 4.5: Same as Figure 4.2 but at Ekfl = 12000, 13000, 14000, and 15000 from top to bottom.



16000, 17000, 18000, and 19000 from top to bottom.
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Figure 4.6: Same as Figure 4.2 but at £
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Figure 4.2 but at Elzl = 8000, 9000, 10000, and 11000 in the top-down cases from top

Figure 4.9: Same as
to bottom.
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o1m

fr

and 15000 in the top-down cases

12000, 13000, 14000,

—1
PR

Figure 4.2 but at

Figure 4.10: Same as
top to bottom.
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(d)

Figure 4.11: Same as Figure 4.2 but at Ek_1 = 16000, 17000, 18000, and 19000 in the top-down cases from
top to bottom.
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Kinetic energy budget

In chapter 2, we shows kinetic energy budget in the bottom-up and top-down type convection
at Fj, = 5 x 107° as the examples. Here, kinetic energy budget in all the cases are showed
in following figures.
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Figure 4.12: Cylindrically radial distributions of the axially and zonally averaged terms of the kinetic energy
equation, calculated at E, ' = 1000 (a) and 2000 (b) in the bottom-up cases. Black solid line: generation
term of kinetic energy by buoyancy force; grey solid line: term of dynamic energy flux convergence; black
broken line: viscous dissipation term; grey broken line: term of viscous energy flux convergence.
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Figure 4.13: Same as Figure 4.12 but at F, ' = 3000 (a) and 4000 (b) in the bottom-up cases.

68



(@)

(b)

6000 — Ry, 6000 —  Ryiy,
—  ~DOi(pwy) =Oi(pu)
-— b -— b
4000 —~ _ge, 4000 - o,
/ /
/ /
/ \ e /
2000 + \ 2000 7 1
/7 / ; / \
[} / \ [} / \
e] / \ o / \
2 — / \ 3 - / \
= 0 J== —— e 0 f== —
S < / 7§ AL i
= N TN - = Vb / N
N - N SN~
~2000 it - ~2000 N
{ / iy /
/ / y /
v \\ / \ /
-4000 — -4000 \
Vo
\\// A/
\/
-6000 -6000
0.00 0.25 0.50 0.75 1.00 1.25 0.00 0.25 0.50 0.75 1.00 1.25

Cylindrically-radius

Cylindrically-radius

Figure 4.14: Same as Figure 4.12 but at E; ' = 5000 (a) and 6000 (b) in the bottom-up cases.
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Figure 4.15: Same as Figure 4.12 but at E; ' = 7000 (a) and 8000 (b) in the bottom-up cases.
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Figure 4.16: Same as Figure 4.12 but at E; ' = 9000 (a) and 10000 (b) in the bottom-up cases.
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Figure 4.17: Same as Figure 4.12 but at E; ' = 11000 (a) and 12000 (b) in the bottom-up cases.
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Figure 4.18: Same as Figure 4.12 but at E; ' = 13000 (a) and 14000 (b) in the bottom-up cases.
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Figure 4.19: Same as Figure 4.12 but at E; ' = 15000 (a) and 16000 (b) in the bottom-up cases.
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Figure 4.20: Same as Figure 4.12 but at E; ' = 17000 (a) and 18000 (b) in the bottom-up cases.
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Figure 4.21: Same as Figure 4.12 but at E,:l = 19000 (a) in the bottom-up case.
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Figure 4.23: Same as Figure 4.12 but at E; ' = 3000 (a) and 4000 (b) in top-down cases.
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Figure 4.24: Same as Figure 4.12 but at E; ' = 5000 (a) and 6000 (b) in top-down cases.
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Figure 4.25: Same as Figure 4.12 but at E; ' = 7000 (a) and 8000 (b) in top-down cases.
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Figure 4.26: Same as Figure 4.12 but at E; ' = 9000 (a) and 10000 (b) in top-down cases.
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Figure 4.27: Same as Figure 4.12 but at E; ' = 11000 (a) and 12000 (b) in top-down cases.

75



magnitude

magnitude

Figure 4.28: Same as Figure 4.12 but at E; ' = 13000 (a) and 14000 (b) in top-down cases.
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Figure 4.29: Same as Figure 4.12 but at E; ' = 15000 (a) and 16000 (b) in top-down cases.
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Figure 4.30: Same as Figure 4.12 but at E; ' = 17000 (a) and 18000 (b) in top-down cases.
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Figure 4.31: Same as Figure 4.12 but at E,:l = 19000 (a) in top-down case.
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