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Sunspot Number Variation
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Hale’s Polarity Laws

(Hale, Ellerman, Nicholson, & Joy, 1919)

26 Feb 1992 [Cycle 22]

Source: National Solar Obzervatorv (H. Joncs)




Latitude

Sa4jued-30dg JO uonINqLIsIg—'t "Fid

4501ja[ Ul

‘wpnjie] oyoe

Sunspot Migration
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Polar Field Reversal
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Stellar Cycles
(Radick et al. 1998, Baliunas et al. 1995)
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Generation of the Solar Magnetic Field

MHD Induction Equation:

%—]:)Z—CVXE :Vx(ﬁxﬁ—anﬁ)
Toroidal Field:
. 5B¢ o
i = Q(r,0)rsin Oey , ——~rsmb(B, V)Q

Ot

Poloidal Field: (Parker 1955, 1970)

L,

. _ By (a)
“.....The mechanism is simple. The
Coriolis forces on the convection [Q
cause it to be cyclonic, with a
rising cell of fluid rotating and g > l
carrying the lines of force of the (\” /’ g

azimuthal field into loops with

nonvanishing projection on the (b)
meridional plane (see schematic
drawing). A large number of such U tu
loops coalesce to regenerate the - (-
dipole field .....” ,- ; ) _C)__._ j
Wp (c)
>

0
m (Mestel, 1999)




Mean - Field Electrodynamics
(Moffatt 1978; Parker 1979, Krause & Rddler 1980)

MHD Induction Equation:

%—?sz(ﬁxB)—Vx(anB)

Separate fields into mean (L) & fluctuating (/«L) parts:
B=(B)+JB, u=du, (6B)=(du)=0

Obtain:
a—:VXE_VX(T]VX<B>)
— =Vx(ﬁﬁx<B>)+VxG—Vx(an8B)
g :<6ﬁ><6]§>, G =d8tixdB-¢
Homogeneity, isotropy, non-mirror symmetry:
€= 0L<B> —BV x <B>
Mean-Field Dynamo Equation:

82]? =V x|(@)x(B)+a(B)—(n+p)Vx(B)]
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A Simple Example

One-Dimensional a2 Dynamo:
(x,7,2) > (6,4,7)
B=|0,B,(x,t),B,(x,t)|=(0,B,,04/x) A=A(x¢)e,
u=[0,u,(z).0] Q=0du,/oz=-constant

2

oL QL
Co="" ( Co=""-
n n

Dynamo Equations:

Py _ y 0%
ot " ox? Ox
04  0%4
— =nN——+0aB
ot " ox? s’

Solve on interval 0 < x < L (= tRo ) with :
)= 0A(L/2,t)

B,(0,1)=B,(L/2,t)= A(0, =0

o = o cos(mx/L)

Np=C,-Cq=-3130

mpmer——




Cartesian aQQ-Dynamo
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Cartesian aQQ-Dynamo
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An af2-Dynamo Model for the Sun
(Stix 1976)

Toroidal Field
Poloidal Field

5 YEARS U 6 YEARS{

8 YEARS * 9 YEARS * 10 YEARS - Il YEARS &

o <0, o ~cosO
or
. L. . . 0Q)
Propagation direction determined by sign of « Fn
r
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Factors Affecting the Recent Development
of Mean-Field Dynamo Models

® Magnetic buoyancy and the retention of fields in
flux tube form (Parker 1975)

® The internal solar rotation angular velocity
distribution, as inferred from helioseismology
(e.g., Tomczyk et al. 1995; Charbonneau et al.
1999)

* Strong (~10°> G > B, ) toroidal fields, as inferred
from studies of flux tube dynamics (e.g., Fan et al.
1993; D’Silva & Choudhuri 1993; Caligar et al.
1995)

® The existence of meridional, circulatory flow in the

convection zone (€.g., Hathaway et al. 1996; Braun
& Fan 1998; Miesch et al. 2000)
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Interface Dynamo Models
(Parker 1993)
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Rationale:
Diffusion in a Composite Medium

Solve OB

Y V.
@t v-(nva,)

Assuming

b /b,




Cartesian Interface Dynamo Model

B=Vx(4e,)+Bg,

0B, OB
~ Y =qV?B, 4, M,

ot ox dz oz

nP/L% oL®/n,

(a):m,/n,=1.00, N,=-3.8x10"
, 4
(b):n./n,=0.10, N, =-1.8x10
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Interface Dynamo Fields

n./M,=0.1, N,=C, -Cy=-18x10"

2
c, =50, c,=" <o, C,|=107%Cq
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An Interface Dynamo Model for the Sun
(Charbonneau & MacGregor 1997)

Solar-like differential rotation

n.,/m,=0.1, C, =275 Cq=10
o~ cos0

P =10.5yearsforn, = 10" cm? s

1.0 - '-.'J_‘ ) '__ o I.___..j'..._,____f_f'.i::‘ =
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An Interface Dynamo Model for the Sun
(Charbonneau & MacGregor 1997)

Solar-like differential rotation
n,/m, =001, C,=-50, C,=10
o~-—sin40 (n/4<0<31/4)
P =223 yearsform, = 10" cm? s
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Effect of Horizontal Flow

f=u (), - u{“(z)‘“c}

Ne —Me
kL =1

n P/L%, oL®/n

(a):n,/n, =10, N, =-3.8x10*
4

(b):n./m,=0.5, N,=-2.5x10
4

(¢):n./n,=0.1, N,=-1.8x10
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Nonlinear Interface Dynamo Solutions
%o

1ec(|B)] B,

n./m, =001, C =-75 Cy=10
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Babcock-Leighton-type
Solar Dynamo Models
(H. W. Babcock 1961; Leighton 1964, 1969)

Stage 1 Stage 2
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A BL-type Model with

Meridional Circulation
(Dikpati & Charbonneau 1999)

=Vx(ﬁx]§—an]§)
p(r,0)+Q(r,0)r sinbe,

u
B= B¢( )ed) +V x [A(r,@,t)é(bj

Pole

uator Equato
(A) Differential rotation (B) Meridional circulation
(C) ug(r,#) at 6 = 45° (D) Diffusivity and Source at # = 45°
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S\r,0;B, |=s, f(r,0
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A BL-type Model with

Meridional Circulation
(Dikpati & Charbonneau 1999)

N./M. =0.003, wup,=1500cm s, s, =20 cm g™
Q, R
CS=SOR®=4.64, Co=—4"9 =47%x10*
Ne Me

(A) Toroidal field at r = 0.7R
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A BL-type Model with

Meridional Circulation
(Dikpati & Charbonneau 1999)

B¢(T, 9)
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Conclusion: Comparison of Models

Interface

Can account for basic
solar cycle features

Able to operate when
B>B,,

Variety of sources for
a-effect

Kinematic

Applicability of mean-
field theory

Require fine-tuning of
input parameters
Easily disrupted by
nonlinearities

e

Merits

Demerits

Babcock-Leighton

Can account for basic
solar cycle features

Strong fields required

Robust-period set by
circulation

Correct phase between
toroidal/poloidal fields

Kinematic

Not self-excited

Strong polar poloidal
fields

Schematic description of
poloidal source
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