Contributions to Geophysics and Geodesy Vol. 36/2, 2006

Rotating compositional and thermal
convection in Earth’s outer core

S. G. Tagare
Shadan Institute of P.G.Studies!

Y. Rameshwar, A. Benerji Babu
Department of Mathematics, Osmania University?

J. Brestensky
Department of Astronomy, Physics of the Earth and Meteorology,
Faculty of Mathematics, Physics and Informatics, Comenius University?

Abstract: The linear stability of compositional and thermal convection in the
Earth’s rotating outer core was investigated. We have identified the values of Takens—
Bogdanov bifurcation points and codimension-two bifurcation points by plotting graphs of
neutral curves corresponding to stationary and oscillatory convection for different values
of physical parameters relevant to rotating compositional and thermal convection in the
Earth’s outer core. We have also derived a nonlinear one-dimensional Landau-Ginzburg
equation near the onset of stationary convection at a supercritical pitchfork bifurcation,
and nonlinear one-dimensional coupled Landau—Ginzburg type equations near the onset
of oscillatory convection at a supercritical Hopf bifurcation. We have also discussed the
stability regions of standing and travelling waves.
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1. Introduction

Recent developments in both theoretical and experimental fluid dynam-
ics have stimulated widespread interest in nonlinear fluid dynamical prob-
lems. Thermohaline convection, compositional, and simultaneously thermal
convection, magnetoconvection and rotating thermal convection, etc., in the

! Kairatabad, Hyderabad, 5000 04, India; e-mail: suhas_tagare@yahoo.com
2 Hyderabad, 5000 07, India; e-mail: yrhwr@yahoo.com, benerjee77@yahoo.com
3 Mlynské dolina F-1, 842 48 Bratislava, Slovak Republic

e-mail: Jozef Brestensky@fmph.uniba.sk

87



Tagare S. G. et al.: Rotating compositional and thermal convection. .., (87-113)

Earth’s outer core are examples of double diffusive systems. In thermohaline
convection, the temperature and the salt concentration provide two diffusive
ingredients. In magnetoconvection, the temperature and the magnetic field
provide two diffusivities.

Convection due to thermal and compositional buoyancy in the Earth’s
outer core is similar to the thermohaline convection, except for the fact
that the compositional buoyancy in the core is due to the light ingredient
(e.g. silicon) releasing at the inner/outer core boundary at solidification
process, when the heavier iron only goes into the solid phase in the inner
core. Therefore, the source of the outer core compositional buoyancy is
lighter than the accompanying iron. Thus it is not like in thermohaline
convection of salty water, where the salt, the source of buoyancy, is heavier
than the water. The convection due to thermal and compositional buoy-
ancy is often termed “thermohaline convection”. However, e.g. the Earth’s
core conditions may be the reason to term it “thermosolutal convection”
or “thermoconcentration convection”. The latter is usually used in Russian
literature.

In salty solutions temperature gradient can drive also mass currents and
not only the thermal flows. This, the so called Soret effect, however, can-
not be excluded in the Earth’s outer core. Despite lacking experiments and
experience corresponding to the core conditions, it would be heuristically
successful to study the Soret effect influence on the Earth’s outer core con-
vection. A phenomenological relation between the mass current j} and the
local gradients can be written as

- K
jo=— (DVC + D?TVT) : (1)
0

where T is the temperature, K7 is the Soret coefficient which measures the
cross coupling between temperature gradients and mass fluxes, therefore
also called the thermodiffusion coefficient. K7 can be negative, as well as
positive. D is the mass diffusivity, C' is the concentration of the lighter
component of the liquid. The mass conservation law

aC+(V-V)C+V-jo=0,
gives the diffusion equation for the concentration field in the form

; K
oC+(V-V)C=DVAC+ D?OTVQT. (2)
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The temperature diffusion is not affected by the thermo-diffusion coefficient.
The temperature diffusion equation then becomes

oT + (V- V)T = rV°T. (3)

Here « is thermal diffusivity of the fluid, and we have a set 9, = 0/ On with
n=A{z, z, t, ¢, X, T}. The last term in Eq. (2) represents the Soret effect.
Hurle and Jakeman (1971) have considered a nonlinear Soret effect. Owing
to the two-component nature of the compositional and thermal convection
in Earth’s rotating outer core, one has the Soret effect which leads to the
additional control parameter besides the Rayleigh number Ra, namely the
separation ratio ¢. It is a measure of the stabilizing or destabilizing effect as-
sociated with concentration gradients. Schopf and Zimmerman (1993) have
studied the near-threshold behaviour for thermal convection in a binary lig-
uid heated from below for realistic boundary conditions at the top and bot-
tom. Both compositional and thermal convections in Earth’s rotating outer
core, and Rayleigh—Benard convection in rotating fluid are capable of show-
ing stationary convection at pitchfork bifurcation, oscillatory convection at
Hopf bifurcation (both pitchfork and Hopf bifurcations are primary bifurca-
tions), and stationary convection at Takens—Bogdanov bifurcation point and
codimension two point (Takens—Bogdanov bifurcation point and codimen-
sion two point are secondary bifurcations). Takens—Bogdanov bifurcation
point is one at which the neutral curve of oscillatory convection intersects the
neutral curve of the stationary convection and the frequency on the neutral
curve of oscillatory convection approaches zero. This Takens—Bogdanov bi-
furcation point (where Rayleigh number for oscillatory convection coincides
with Rayleigh number for stationary convection at the same wave number)
is different form codimension two point (where Rayleigh number for the on-
set of oscillatory convection coincides with Rayleigh number for the onset of
stationary convection, but at different wave numbers). The onset of insta-
bilities in rotating thermohaline convection has been considered by Pearl-
stein (1981), and in rotating magnetoconvection by Tagare (1997), Tagare
and Rameshwar (2003). These rotating double-diffusive convective systems
are expected to show a curve of Takens—Bogdanov bifurcation points which
cumulates into a tertiary bifurcation point (corresponding to a triple zero
eigenvalue). The problem, where the Taylor number is chosen so that there
is a triple zero eigenvalue has been investigated for rotating thermohaline
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convection by Arneodo et al. (1985).

In Section 2, we write basic equations of compositional and thermal con-
vection in Earth’s rotating outer core. In Section 3, we study the linear
stability analysis. Since the bifurcation is a continuous one, only a slow mod-
ulation of the convective roll pattern is allowed by the fluid equations near
the onset. The time evolution of general pattern is developed in Section 4
for a region |¢)| > |¢*|(where 1) = 9* corresponds to a critical value of
separation parameter in rotating compositional and thermal convection at
a Takens—Bogdanov bifurcation point) by means of multiple scale analysis
developed by Newell and Whitehead (1969) and Segel (1969) for a weakly
nonlinear case. In a weakly nonlinear analysis performed in Section 4 and
Section 5, a small amplitude convection cell is imposed on the basic flow. If
this amplitude is of O(e), then the interaction of the cell with itself forces a
second harmonic and a mean state of correction of O(€?), and these in turn
drives an O(€®) correction to the fundamental component of the imposed
roll. A solvability criterion for this last correction yields an equation for the
scale amplitude (which is called Landau—Ginzburg equation). In Section 4,
we derive a nonlinear one-dimensional, time-dependent Landau—Ginzburg
equation in complex amplitude, A(X,T') with real coefficients near a super-
critical pitchfork bifurcation. The phase of the complex amplitude A(X, T)
describes changes in the position and direction of rolls and its magnitude
modulates the intensity of the convective motion. In Section 5, we derive a
nonlinear one dimensional, time dependent coupled Landau-Ginzburg type
equations in complex amplitudes A1g (X, 7,7T) and A (X, 7,T) with com-
plex coefficients. Here Ajig, and A;; stand for right hand and left hand
travelling waves respectively. Following Matthews and Rucklidge (1993), we
have dropped slow space dependence and obtained ODE’s, with complex co-
efficients, termed as Landau equations, and discussed the stability regions of
travelling waves and standing waves. In Section 6, we give the conclusions
of this paper.

2. Basic equations

Consider a horizontal layer of compositional and thermal convection in
Earth’s rotating outer core, of depth d with linear temperature and con-
centration (of the lighter component) gradients, which is kept rotating at
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a constant angular velocity €2 about the z-axis. Following Bhattacharjee
(1987), we have for density

p=poll—ar (T —Tp) - ac (C — o), (4)

where pg is the mean density of the system, ar is the thermal expansion
coefficient and a¢ describes how the density of the fluid in Earth’s rotating
outer core, changes with changing concentration of the lighter component.
Here agp is a positive constant and a¢ is positive in Earth’s rotating outer
core. The temperature difference AT is related to the concentration differ-
ence AC under steady-state conditions by the relation

AC = —ﬁAT + constant. (5)
To
We use the Cartesian system of co-ordinates whose dimensionless vertical
co-ordinate z and dimensionless horizontal co-ordinates x, y are scaled with
d. The velocity vector V(u7 v, w), the density p, the temperature 6 (devia-
tion from conductive state), the concentration C, the time ¢ and the pressure
P are non-dimensionalized by scales x/d, pg, AT, AC,d?/x and pok?/d>.
In the Boussinesq approximation one considers the fluid incompressible, ex-
cept when dealing with the buoyancy terms that drives the concentration.
The dimensionless parameters required for the description of the motion
are: Rayleigh number Ra = garATd?/kv, Taylor number Ta = 4Q2d*/v?,
Prandtl number Pr = v/k, Lewis number L = D/k and separation pa-
rameter ¢ = —Krpac/Toar. The basic dimensionless equations for rotating
compositional and thermal convection in the Boussinesq approximation, are:

V.V =0, (6)

Prila
8

+ Ta2 (17 X Q) +Ra(0+vC)e,, (7

5 07+ (V- 9) V) == v (P- T i ) + 927

a0+ (V- V)0 =w+v2, (8)
% [@C + (17 . v) (J} — % + V2C — V2, (9)
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where () is a unit vector along the axis of rotation. Here we consider Q=¢,.
Egs. (6-9) can be reduced to a form

Lw =N, (10)
where
£ =D,Dc [DAV?+Tad?] ~ RaD, V3 [(1+4) Do — LV?] (11)

N =P D, D {Ta%aZAZ 1+ D8,V x fT} -
—RaD,V? {(Dc +9V?) (V- V)0 + %DN (V-v) c} : (12)
and
V=242, A=(V.V)o-(@ V)V,
D.=(0 - V%), Dc=(+0,~V?). D,= (k2.

3. Linear stability analysis

In this section we study the linear stability analysis of compositional
and thermal convection in Earth’s rotating outer core, by substituting w =
W (2)e'=®+Pt into linearized version of Eq. (10)

Lw =0,

resulting in

(D* =g =p) (D = = ) [(D = %) (D = ¢* = )" + TaD?| W =

= —Rag® (D= ¢* = ) [(D* = = ) + 0 (D = ) (14 1) - )] W
(13)

In this paper we have considered only the idealized stress-free conditions on
the surface and vanishing of temperature and concentration fluctuations.
Thus W = D?>W = D*W =0 at z = 0, 1. W and its even derivatives
vanish at z = 0 and z = 1 implies that we can assume W = sinwz as
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a solution of Eq. (13). Substituting W = sinwz and w, the frequency of
oscillations using p = iw, in Eq. (13), we get

2 254 2 2
%Ra:fSQ l(s%ﬁ“;ﬁ _wﬁ{ (T/JL-i—qu;)-l—zQ (H—WH

+7(54Tfr:r2)l81/m+ 254 %2{ (TZJL-i—ITf;)—i—CZ—z(l-i—T/J)H—I—
"‘iﬁ(fhw + Agw? +A3) (14)
where
P =n+q 7/1L=1+1/J(1+%), Kt =sty2 4 ¢ (1;2‘1/’)7
Al:PréTZLQ(l—Fw—F%)’ (15)
e D) [0 ) )
+L12(1+w+];)}+TZW( ¢__) (16)

smanf (i ) vol(10 ) (o 4 2]}
e l(i- £ ool ) (- 8) 2]} o

From relation (15), A; > 0 for ¢ > —1 — % We consider the following two
cases:

3.1. Stationary convection (w = 0):
Substituting w = 0 in (14), we get

68 + 12Ta

Ra, =
*Yr

(18)
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Here Rag is the value of Ra for the stationary convection. The minimum
value of Ra, obtained for ¢ = g5, where

6 4
Gsc Gsc Ta
() a(t2)' a o »

™ 7T

The wave number is identical to that for the single component fluid, while
the threshold for the onset of stationary convection at pitchfork bifurcation
is given by Eq. (18) with ¢ = gs.. Thus
88 + 72Ta

Rag. =
* QSQCT/JL

(20)

3.2. Oscillatory convection (w? > 0):

For oscillatory convection w # 0 and from Eq. (14), Ra will be complex.
But the physical meaning of Ra requires it to be real. The condition that
Ra is real implies that the imaginary part of Eq. (14) is zero, i.e.,

A1w4 + AQ(A)Q + A3 =0. (21)
If > — (1+ 7 ) then A1 > 0. If

68 (1+ Pr) (f + )

T
“C T -By)

(22)

and Pr < 1, then As > 0 and A3 < 0. In this case there is one real positive
value of w? corresponding to the oscillatory convection. Other value of w?
will be negative. Substituting W = sinnz in Eq. (13), we get a fourth
degree polynomial equation in p of the form

asp + asp® + agp® + ar1p + ag = 0, (23)
where
52
W= 753
S I B
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2 2 1 17 m*Ta Rag?
@2 [Pr+LPr+Pr2+L}+ L e Wt

ay = 52{56(1—%1%—3)—%(1+l)7r2Ta—Raq2Ki+ 1)-1—

L' Pr L P L
(b )
L P LPr ’
ag = &% [56 + 7*Ta — Ra QQT/JL} . (24)

Setting p = iw in Eq. (23) and equating its real and imaginary parts to zero,
we get

aswt — agw? + ag =0, (25)
(a3w?® — ar)w = 0. (26)

From (23), if w = 0 then ap = 0 and we get stationary convection and Ras
is determined by putting Ra = Ras in ap = 0 (see also (18)). Thus w =0
and ap = 0 are the conditions for the pitchfork bifurcation corresponding
to stationary convection. From (26), we can have marginal stability if w? =
aj /a3 (ap > 0) and

asa? — ayasaz + agai = 0. (27)

In this case we get oscillatory convection and Ra, (the value of Ra for the
oscillatory convection) is obtained by putting Ra = Ra, in the expressions
for ag, a1, aa, as, ayq of the set of Egs. (24) into Eq. (27). Thus we get a
quadratic equation in Ra,.

The codimension two point is determined by the intersection of two lines
ap = 0 and ajay — agaz = 0 under the condition a; > 0 in (¢, Ra)—space.
This corresponds to the simultaneous occurrence of pitchfork and Hopf bi-
furcation and quasiperiodic solutions of the system can be obtained in the
nonlinear regime.

Takens—Bogdanov bifurcation point is determined by the intersection
of the two curves ap = 0 and a; = 0 in (¢, Ra)-space. Thus Takens—
Bogdanov bifurcation point corresponds to a double zero eigenvalue of the
linear growth rate.

At the codimension two point, we have

Rasc(‘]sc) = Raoc(ro) but Asc 7é Goc; (28)
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and at the Takens—Bogdanov bifurcation point, we have

Ras(qs) = Rao(qo) = Rac(q:) and qs = qo = qe. (29)

Eliminating Ra from a9 = a; = 0, we get Takens—Bogdanov bifurcation
point at

(30)

From Eq. (30), ¢* is always negative if Pr > 1.

The codimension two point is an intersection between the Hopf bifurca-
tion and pitchfork bifurcation with distinct wave numbers in (¢, Ra) plane.

At the Takens-Bogdanov bifurcation, the Hopf bifurcation and pitch-
fork bifurcation neutral curves intersect, and only a single wave number
is present. Thus at the Takens—Bogdanov bifurcation point the oscillatory
neutral curve intersects the stationary convection curve and the frequency
on the oscillatory neutral curve approaches zero, as the intersection point
is approached.

In Figs. 1-3, each solid line stands for stationary convection (pitchfork
bifurcation), and dotted line stands for oscillatory convection (Hopf bifur-
cation). In these Figs. 1-3, we have shown the effect of several physical
parameters, like Ta, Pr, L on the onset of both stationary convection and
oscillatory convection. When a physical parameter increases keeping re-
maining parameters fixed, the onset of instabilities increases, i.e. the onset
of stationary convection and oscillatory convection inhibits, when a param-
eter increases with the remaining parameters fixed. Figs. (2b) and (3b)
show both primary bifurcations (pitchfork bifurcation and Hopf bifurca-
tion) and secondary bifurcations (Takens—Bogdanov bifurcation point and
co-dimension two bifurcation point). Figs. (4a), (4b) are plotted in (¢, Ra)
plane. Each solid and dotted line in Figs. (4a), (4b) represents the station-
ary convection and the oscillatory convection, respectively. In both figures
we showed the effect of the Taylor number on the Takens—Bogdanov bifurca-
tion point (Fig. 4a) and the co-dimension two point (Fig. 4b). In Fig. 4a, the
intersection point of the solid and the dotted line corresponding to the fixed
Taylor number, gives the Takens—Bogdanov bifurcation point. The Rayleigh
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Fig. 1. Numerically calculated marginal stability curves (steady-solid lines, oscillatory-
dotted lines) are plotted for Pr = 0.5, L = 0.1, ¥ = —0.01 and (a) Ta = 10° (b)
Ta =102 (c) Ta = 10'%, (d) Ta = 10%°.

number Ra and the separation parameter 1) corresponding to the Takens—
Bogdanov bifurcation point increases as Taylor number increases. We have
1 = " at the Takens-Bogdanov. In the limit ¢y — ", the frequency
of the oscillatory instability tends to zero, and weakly nonlinear analysis
in this region gives us a nonlinear equation describing the behavior of the
system near the Takens-Bogdanov bifurcation. In Fig. 4b, critical Rayleigh
numbers are taken on solid lines (stationary convection) and dotted lines
(oscillatory convection) corresponding to Taylor number. In Fig. 4b, the
point of intersection of solid line and dotted line corresponding to Taylor
number is a co-dimension two point (w # 0). The critical Rayleigh number
Ra and the separation parameter ¢ corresponds to the co-dimension two

97



Tagare S. G. et al

.: Rotating compositional and thermal convection. .

., (87-113)

2500 —— : 1950 :
Ra Ra
2250 1925 |
2000
1900 |
1750 | 3 E
. . . 1875 |
15 3.0 45 , 60 25 3.0 35 40 45
(a) (b)
1950
Ra
1925 | |
1900 |
1875 | . .
3.0 3.5 4.0 45

()

Fig. 2. Neutral curves for the stationary bifurcation (solid lines) and for the Hopf bifur-
cation (dashed lines) near the codimension two point for Ta = 1000, L = 0.1, ¢ = —0.01,
(a) Pr=0.03, (b) Pr =0.366628 (c) Pr = 0.6.

point increases as the Taylor number increases. At the codimension two
point, let 1) = 1/ for a Taylor number. If 1) < 1)/, we get first instability
as oscillatory convection. If 1) > v’, then we get stationary convection as
a first instability. For ag = a3 = a2 = 0 which gives ¢ = ¥**, w = 0 is
a triple zero eigenvalue. Thus at ¢ = 1**, which corresponds to a tertiary
bifurcation, we have stationary convection. i = *™* satisfies a quadratic
equation

V4 1+ g = 0,

where p7 and pg are functions of L and Pr. We get Eq. (31) by eliminating
Ta and Ra from ag = a1 = as = 0.

(31)
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Fig. 3. Neutral curves for the stationary bifurcation (solid lines) and for the Hopf bifurca-
tion (dashed lines) near the codimension two point for T'a = 1000, Pr = 0.5, ¢ = —0.01,
(a) L =0.07, (b) L =0.0984348 (c) L = 0.11.
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Fig. 4. Stability diagrams with Pr = 0.5, L = 0.1 (i) Ta = 300, (ii) T'a = 1000.
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4. Onset of stationary convection at supercritical pitchfork
bifurcation

The existence of a threshold (critical value of the Rayleigh number Ra =
Rag.) and the cellular structure (critical wave number, ¢ = ¢4.) for a fixed
Lewis number L, separation parameter 1) and Taylor number Ta are main
characteristics of the stationary convection in the Earth’s rotating outer core
due to compositional and thermal buoyancy. In this section, we consider
the region near the onset of the stationary convection by introducing € as

5 Ras — Rasc
Rag.

€ < 1. (32)
To simplify the problem, we assume the formation of rolls parallel to the
axis y, i.e. the y-dependence disappears from Eq. (10). The z-dependence
is contained entirely in the sin, cos functions which ensures that the free-
free boundary conditions are satisfied. For values of the control parameter
Ra = Rag close to the threshold value Rasc(e2 < 1), we assume the solutions
of Egs. (6-9) in powers of e:

f=cfotlfit+efot ..,

where f = (u,v,w,0,C) with the first approximation is given by the eigen-
vector of the linearized problem:

LT

Uy = — [A(X7 T)eiqsc‘r cosmz — c.c.} ,

Gsc
vy = — ,T)e'% cosmz — c.c.| ,

55’%ch0

Wy = A(X7 T)eichfE sinmz + C.C.,

1 .
Oy = ) [A(X7 T)e'l*" sinmz + C-C-} ;

(1 + %) .
Co = T [A(X7 T)e' ¥ sinmz + c.c.} , (33)

SC

where §2, = 72 + ¢2.. Here c.c. stands for complex conjugate, e’%<* sin 7z is
the critical mode for the linear problem at Ra = Ras., and ¢ = ¢s.. The
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complex amplitude A(X,T") depends on the slow variables. The independent
variables x, z, t are scaled by introducing multiple scales

X =ex, z=2z, T = €, (34)

and these formally separate the fast and slow dependent variables in f. The
differential operators can be expressed as

Oy —> Oy + €dx, 0, — 0,, O — €2 0. (35)
Using (35), the operators (11) and (12) can be written as

L=Lo+ el + Lo+,

N=ENy+EM + -, (36)
where
Lo = V* [V + Tud? - Ragepr?], (37)
L1 = 20,0xLA, (38)
1 2 1
o 2 L2\ o6 LN\ g2
Lo = —0rV (1+L+H)V -I—Ta(l-l—L)@Z

11 11 1
Rasc&p{(L + H) +¢ {L + 5 (1+ L)m +OxLa+
+4020% [10V° + Tad? — Rasetor, (302 + 202)| — Rawpr 0294, (39)

where L4 = V?[5V® 4 2Ta 02 — Ras.tpr, (302 + 02)]. Using (32-35) in
Eq. (10), and using definitions of £ and N from (36), we get equating
coefficients of various powers of € to zero

,Cowo == O, (40)
Low + Liwy = No, (41)
Lows + Liwy + Lowg = Nl. (42)

Substituting the value of wg from (33) into (40) and using (37), we get

68 + Tam?
qgch .

Substituting the value of wq into Liwy = 0, we get

Rag. = (18)
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6 4
ScC SC T
2(q—) +3(q—) — 14— (19)
™ T

s

Eq. (17), implies that (%), ;. = 0. In Eq. (41), Np = 0, Liwg = 0
implies that Eq. (41) reduces to wy = 0. Similarly u; = 0,

—in2Ta? .
_ A2 2igscT C.
"= Thgga e
1 9 .
01 = “omoZ |A|” sin 27z,
—1+1+H), 0. 1 1
Cl == T{SSQC |A| sin2mwz = (1 + z + ﬁ) 91. (43)

Substituting zeroth order and first order solution in (42) and equating co-
efficient of sin7z in A7 — Lowg to zero, we get

AoOTA — )\18%(14 — XA + )\3|A|2A =0, (44)
where
1 2 1 1 1

52 1 2\ 2 1y 2 (L 1

Ao = 556{(1—1— i3 + Pr) 0o, + Tam (1—1— L) Rascqs, KL + Pr) +
1 1 1
wo{zrm ()}

A = 4q% {1005, + Tar® — Ragvr (3¢% +27°)

)\2 = Rascq,gc 5,§ch )

Tar*6?,  Ras.q>.6> 1 1 1
)\ — _ sc SCHsc™sc 1 _ 1 _ - _ _ . 4
3= o, 2 { v [ (L Tt L3)” (45)

Eq. (44) is called the Landau—Ginzburg equation, and it is meaningful only
if Ag, A1, A2 and Ag are positive. A9 = 0 at ¢ = ¥*. This implies that at
the Takens—Bogdanov bifurcation point we have to use different scaling, and
we will get partial differential equation with the second order derivative in
time. \g is always positive if |¢)| > [¢p*|. If b > 0 then Ao is always positive.
If ¥» < 0 then A9 is positive only if

O<w<wcz—# (46)

on)
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Here we consider Ay > 0. A3 is positive if
Tam452,

gl {02+ (02 (14 4+ &) -1}

This Landau—Ginzburg equation is valid only for A3 > 0 (supercritical bi-

furcation). A3 = 0 gives the tricritical bifurcation point. A3 changes its

sign at the tricritical point (see Fig. 5). A1 is positive if the Taylor number

satisfies

k(o 7gd)
2m2

By using the scaling (34) and A(z,t) = A(X,T)/e, Eq. (44) can be written

in fast variables as

AoOr A — )\18%14 — 62)\214 + )\3|A|2A =0. (49)

Rag. > (47)

Ta (48)

Dropping the time dependence from Eq. (49), we get
d’A e A
dX )\1 € )\2

|AIH)A = 0. (50)

102 I T S ST S [
0.02 004 0.06 0.08 010 0.12 0.14 0.16
Pr

Fig. 5. L =0.1, ¥ = —0.01. A3 is the nonlinear coefficient of Landau-Ginzburg equation
at the onset of stationary convection. The pitchfork bifurcation is supercritical if Az > 0
and subcritical if A3 < 0.
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The solution of Eq. (50) is given by

A(X) = Ay tanh (%) , (51)
where
62)\2 2)\1
Ang = dA=,/—. 2
0 )\3 an 62)\2 (5 )

If we consider the system with finite aspect ratio, and if [ is the characteristic
length of the system, then we have

)\IRCLSC (qSC)ﬂ-Q
Aol2

Here Rasg. is the critical Rayleigh number of the system corresponding to
[ — oo (g, becomes gs.) and Ra(l) = Rap(gp) is the critical Rayleigh number
of the system of finite length in the horizontal direction, and Ray(gp) has a
minimum value for ¢ = ¢;. Thus for A1, Ay > 0 finite [ inhibits the onset of
convection.

Ra(l) = Rab(Qb) = Rasc(Qsc) + + e (53)

5. Derivation of Landau-Ginzburg type equations at the onset
of oscillatory convection

In this section we treat the region near the onset of the oscillatory con-
vection. We recast the hydrodynamic equations, and use the perturbation
theory (multiple scale perturbation theory) in the manner of Newell and
Whitehead (1969). We now consider the Rayleigh number slightly above
the critical value, i.e.,

Ra = Raye (1 + 62) ,

where € < 1. We write the solution of (6-9) in the power series of € given
as follows

f=cfotlfitefat -, (54)
where

f:f(u7 v, W, Wg, wyv Wz, 97 C)v
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with first approximation is given by

1T . . _
uy = — [AlLeZ(q"cx+“"’ct) + A getltoct—woet) _ c.c.} COSTZ,
doc
TQ%ZTF AlLei(qoc$+UJoct) AlRei(qocwfwoct)
vy = — 3 o 3 o —c.c.|cosTz,
doc 5 + Pr 5 = Pr

wo = [AlLei(q"cx+“"’ct) + Ay get(docs—woct) 4 c.c} sin7z,

TQ%ZTFQ lAlLei(qoc$+Woct) AlRei(qocx*Woct) ] .
Wyo = — - - — C.C.| SIn7Tz,
2 W 2 w
doc 05 + Pr e = Pr
_i(sgc i(gocT+woct) i(gocT—woct) :
Wy = [AlLe octTWoel) 1 Ay pet\doct™Woel) c.c.} sinmz,
doc
1 AlLei(qoc$+UJoct) AlRei(qocwfwoct)
Wy =Tazm O R +c.c.| cosmz,
500 + Pr 500 ~ Pr
AlLei(qocx+woct) AlRei(qocfE*woct)
Oy = 3 - 3 - + c.c.| sinmz,
02, + iw 02, —iw

CO — [hlAlLei(QDc$+Woct) + hTAlRei(qocwaJoct) + C.C.:| sin mZ,
where
85 1
(6gc+iw0c + f)
hl = 52 Woc
oct°L°
62. = 72 + ¢2. and c.c. stands for complex conjugate. Here Aj; denotes
the amplitude of the left travelling wave of the roll, and A;r denotes the

amplitude of the right travelling wave of the roll, which are dependent on
slow space and time variables (Knobloch and De Luca, 1990)

X =exr, T=et, T=E¢, (55)

and assume that A1 = A1 (X, 7,T), Aigr = A1g(X, 7,T). The differential
operators 0, 0, and 0y, written as

62 1
(6gc7iwoc + i
2 _ woe
500 [jm

*
9 h’lz

Oy —> Oy + €dx, 0, — 05, O — O + €D, + 20 (56)

The linear operator £ and nonlinear operator A of Eq. (10) can be written
by using Eq. (57) as

£=£0+€£1+62£2+"', (57)
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N=62N0+63N1+"'. (58)

Using Egs. (54, 57) and (58) in Eq. (10), we get by equating the coefficients
of e, €, €3

,Cowo = O, (59)
Lowy + Liwy = N, (60)
Lows + Liwy + Lowg = Nl. (61)

Eq. (59) is a linear problem. We get the critical Rayleigh number for the

onset of oscillatory convection by using zeroth order solution wg into (59).
At O (%), No = 0 and Lywg = 0 gives

0 A1 — ng?XAlL =0 and O0;A1gr+ ng?XAIR =0, (62)

where v, = Oyw at g = gy is the group velocity which is real. Hence from
Eq. (60) we get w1 = 0. From the equation of continuity we find that u; = 0.
The relevant first order equations for w,,, ¢; and C; are

1 1 .
(50— V) s = Tt = 5 [(1- 9) oy = (G0 Vyw] . (69)
(9 = V2) 61 = Ragewr — (V- V) b0, (64)
1 2
(zat— )c_f—vel——(vo V) Co. (65)
By using zeroth order solutions in Egs. (63, 64) and (65), we get
1
Taz 2
wZI — a=m hQAlLe (QDCI+UJoct) +h2A1Re (QDcwaJoct) +
530 4 wgc - 2iqocT
—|—q—62)C <5OC—|— P2 A A1ge”® +c.c. |,
Wz, =0, wy, =0,
Tazin?
v =— qucpr hQA%Le (q0c$+woct) + h’*AlRe (QDCI*UJoct) +
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530 4 wgc - 21qocT
+q7 506+Pr2 A1 Aige®t et —ce |, (66)
oc

O

272 (0%, + w2

0 =—m [(|A1L|2 + |A1R|2)
+ hg Ay A} pe?iect 1 c.c.] sin2mz,

_ 1| (hi+hi) 205 2 2
CI__{El Tty | (1Al 1Al) +

h Woe\ :
. (fl n 47r2h3) (2#2 + W%) Ay Afpe?iweet 4 c.c.} sin 27z,

w w
o[+ 50) )]

-1
hg = {(526 + iwoc) (271'2 + iwoc)} )

Eq. (61) is solvable when Lowg = 0, one requires that its right hand side be
orthogonal to wg, which is ensured, if the coefficients of sin 7z in N7 — Lowyg
are equal to zero. This implies that
AoOrArr + Ay (0 — vy0x) Aar, — NaOx2 A1 — A3Ayp +

+Ag [Arp? A1+ As |Arr[? Ay =0, (67)
AoOrAir + A1 (Or + v40x) Aag — NoOx2A1r — AsAir +

+A4 [A1gl* Atg + As|ArL Air = 0. (68)

It should be noted that A;j, Air are of order € and Asy, Asgr are of order

€2, If wee = 0 in Ag, Ag, A3 and A4 then the expressions match with the

coefficients Ao, A1, A2, and Az of Landau-Ginzburg equation at the onset of
stationary convection.
From Egs. (62), we get A17(¢,T) and A1r(n/,T), where ¢’ = v,7 + X,
n' = vy — X. Egs. (67, 68) can be written as
20gM 10y Aar, = —AoOr A1 + A2Ox2 Arr + A3Aqr —
- (A4 |A1z|* + As |A1R|2) A, (69)
2VgA18£lA2R =—AoOrAi1r + AoOx2A1r + AsA1r —
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— (Aa|Asn* + A5 | A1) Arg. (70)

Let ¢ € [0,11], n' € [0, 5], where l1, I3 are periods of A1r, Ajgr, respectively.
Expansion (54) remains asymptotic for times t = O(¢~2) only if an appro-
priate solvability condition holds. This condition obtained by integrating
Eq. (69) over n and Eq. (70) over £, we get

AoOr AL = NoOx2 A1 + AsAqp — (A4 | Az |® + As |A1R|2) Aip, (71)
AoOrA1r = A20x2A1r + A3A1R — (A4 |A1g|* + As |A1L|2) AiR. (72)

The Egs.(71, 72) are correct asymptotic evolution equations when v, =

o(1).

5.1. Travelling wave and standing wave convection

To study the stability regions of travelling waves and standing waves we
proceed as follows:

On dropping slow space variable X from Egs. (71) and (72), we get a
pair of first order ODE’s

dAir,  As Ay A

_ A3 _ 2_ 25 2
TN Aig A0A1L | A1z AOAIL |A1r[”, (73)
dAigr Az Ay 2 As 2
T~ i Aip AOAIR |A1R| o Arr|A1L|”. (74)
Put
A3 A4 A5
= —, =—— and 5:——
B Ao 7 A0 A0
Then Egs. (73) and (74) take the following form
dA
dTIL =BA1L + AL |ALL)? + AL |Ag|?, (75)
dA
d%R = BA1r + AR |A1r]? + 0 A1R | A1) (76)

Consider A1;, = are’®r and A = are’®® (we can write a complex number
in the amplitude and phase (angle) form), where

%m(AlL))

A — arg(A;p) = tan~!
ap = |Aiz],  ¢r = arg(Air) = tan (%e(Am)
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and

%m(AlR)) .

— A = A =t -1
ap = |Air|, ¢r = arg(Air) = tan (%e(th)

ar, ar, ¢r, and ¢ are functions of time 1" since A1y, and A;g are functions
of T'. Thus ar, and apr are positive functions.

Substituting the definitions of A;; and Ajg and 8 = [ + i, v =
Y1 + iy2, 0 = d1 + 12 into Egs. (75) and (76), we get

da

d—IE = Biar, +miar |CLL|2 +di1ar, |CLR|2 ) (77)
d

9OL _ By 4 g lal? + 82 |agf? (78)
dT

da

d—;251CLR+%CLR|QR|2+51GR|QL|27 (79)
d

Ok — By + 12 laf? + 82 o (50)

Egs. (77) and (79) do not contain a phase term, so we take these two equa-
tions for the future discussions. We have Egs. (77) and (79) as

da

d—IE = Brar, + ma} + drapaf,

da

d—; = frag + 716% + d1agaj,

since ay, and ag are positive functions. Put

d d

% = Fi(ar,ap), % = Fy(ar, ar). (81)

Now we discuss the stability of the equilibrium points of the above Egs. (81).
We get four equilibrium points like (ar,ar) = (0,0) [conduction state],
(ar,ar) = (ar,0) [a=amplitude of left travelling waves, here we get Fy =
0, and we get one condition from F; = 0, i.e., a? = —% (: |A1L|2)],
(ap,ar) = (0,agr) [ar = amplitude of right travelling waves, here F; = 0
and from F, = 0, we get a% = —% (: |AlR|2)], and for ar, # 0 and ar # 0

we get (ar,ar) = (—(71@51),—(715;51)) [this gives condition for standing
waves|. At standing waves we have A1, = AR, so ar = ag.
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Now the Jacobian of F; and F5 is given by

oF 0Fy
day, dap

oFy 0F,
day, dap

If real parts of all eigenvalues of the Jacobian are negative at an equilib-
rium point, then that point is a stable equilibrium [Lyapounov’s theorem
or principle of linearized stability]. Some valuable conditions for travelling
waves and standing waves are: Travelling waves are stable if 81 > 0, 71 <0
and §; < 71 < 0. Standing waves are stable if 51 > 0, 71 < 0 and (i) if
01 >0, then —~; > 61 > 0, (ii) if 61 <0, then — 7 > —d01 > 0.

The problem of compositional and thermal convection in Earth’s rotat-
ing outer core, with periodic boundary conditions, is studied by using a
standard perturbation technique. Weakly nonlinear theory must be used
to resolve which of the standing or travelling waves will occur at the on-
set of convection. The coefficients in Eq. (73) and (74) are complicated
functions of the parameters Ta, qo., L, Pr and v, so it is not possible to
give a simple criterion for the stability of the travelling and standing waves.
The conditions for the travelling waves are given by A1 = 0, |4 L|2 =
—f1/v1. The conditions for standing waves are given by A1, = Aijg # 0,
|Aiz)* = |Air|* = —B1/ (71 + &1) . For each set of parameter values, the
linear problem was solved to determine whether stationary or oscillatory
mode becomes unstable first, as Ra is increased. If it was found that the
oscillatory mode became unstable, the coefficients Ag, A1, Ao, Az, Ay were
determined at the value of ¢, that minimized Ra,, to investigate the sta-
bility of travelling or standing waves. Figs. 6a-6¢c, show the results as a
function of Ta, ¢ at L = 0.1, Pr=0.4, 0.1, 0.03. In Fig. 6a, for Pr = 0.4,
there is an intersection between travelling waves and standing waves. Let
1 = 1" at this intersection point. For some fixed value of ¥ < ", as Ta
increases, we get initially the travelling waves, then the standing waves. For
1 > 9", for some fixed value of 1), we get only standing waves. In Fig. 6b,
for Pr = 0.1, for some fixed value of ¢, as Ta increases, we get initially the
travelling waves, and then the standing waves. In Fig. 6¢c, for Pr = 0.03,

there are repeated stability regions. For large values of Ta (Ta > 10%°), we
get Re(y) = Re(0).
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Fig. 6. Stability regions of stationary convection (SS), travelling waves (T'W) and standing
waves (SW), for L = 0.1, ¢» = —0.01, (a) Pr = 0.4; (b) Pr =0.1; (c) Pr = 0.03.

6. Conclusions

In this paper we have studied the compositional and thermal convection
in the Earth’s rotating outer core. The compositional and thermal con-
vection in Earth’s rotating outer core is an example of a double diffusive
system, like the magnetoconvection and thermohaline convection. In fact,
the thermohaline convection and the compositional and thermal convection
in Earth’s rotating outer core are examples of the double diffusive system,
where density depends on two diffusive mechanisms, like p = po[l — a(T" —
To) — B(C — Cp)], where we have thermal diffusivity and concentration or
saline diffusivity in magnetoconvection; density does not depend on diffusive
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mechanism due to magnetic field. In this paper the stability of compositional
and thermal convection in Earth’s rotating outer core has been investigated.
We have obtained the values of the Takens-Bogdanov bifurcation points and
the codimension two points by plotting graphs of neutral curves correspond-
ing to stationary convection and oscillatory convection for different values of
physical parameters relevant to the compositional and thermal convection
in Earth’s rotating outer core. We have derived one dimensional Landau-
Ginzburg equation at the onset of the supercritical pitchfork bifurcation and
the one dimensional nonlinear coupled Landau-Ginzburg type equations at
the onset of the supercritical Hopf bifurcation. We have also studied the
stability regions of the travelling waves and standing waves in the (7a, )
plane, and observed that when Pr decreases, then we get repeated stability
regions (standing waves and travelling waves).

It is interesting to note that in the non-magnetic case with Pr — oo,
L — 0 and 9 — oo, the problem studied in this paper reduces to that of
the compositional convection in the rotating mushy layers, as considered
recently by Guba and Boda (1998) in the linear, and by Guba (2001) in
the nonlinear regimes. The mushy layer is a region of coexisting liquid and
solid phases, forming as a consequence of constitutional supercooling, when
a binary alloy solidifies directionally (Worster, 1997). The rotational con-
straint, the effects of which are of particular interest in the present study,
as well, was found to control the nature of the bifurcation to convection
with both the oblique-roll planform and the planform of hexagonal symme-
try. Thus, the results of the present study might be, in principle, used to
draw qualitative conclusions regarding the nature of the Hopf bifurcation
in mushy layers.
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