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Solar Cycle

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Solar Cycle

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Maxwell’s equations Hydrodynamics
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Maxwell’s equations Hydrodynamics

l. quasi-neutrality
2. mon-relativistic
3. mo EM waves

Magnetohydrodynamics
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Maxwell’s equations Hydrodynamcs

\\ / l. quasi-neutrality
. non-relativistic
> K 2

. 3. mo EM waves
Magnetohydrodynamics
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+ energy equation

+ equation of state
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Governing Parameters

Reynolds number In the Sumn:
Re = Urms /UKy 1012 ... 1013

magnetic Reynolds number

Renm = Urms /MK 108 ... 10°
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Dynameos

B
%—t:Vx(uxB)—Van
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Dynameos

%—?sz(uxB)—Van
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Electromotive force

E=u xb
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Electromotive force

E=u xb

—aB+yxB+38VxB+6x(VxB)+kVB
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Electromotive force

E=u xV
—aB+yxB+38VxB+6x(VxB)+kVB

Simphifications:
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Electromotive force

E=u xV
—aB+yx B+ B8V XxB+6x(V
Simphifications:

o = E (_w - u - ]_b> Pouquet et al. 1976
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Electromotive force

E=u x
—aB+yxB+38VxB+6x(VxB)+kVB
Simphifications:
o= ¢ <_w.u | ﬁ) Pouquet et al. 1976
35 p
3?;)01 = aV X Bior + 17AB ol 5 = Bpol + Dtor
3?;@ = (Bpol * V)Utor + aV X Bpol + N1 A By,
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How to solves the problem I

1. Observational constraims
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How to solves the problem I
1. Observatiomal constrains

a) Surface observations + solar cycle evolution
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How to solves the problem I
I. Observational constraims
a) Surface observations + solar cycle evolution

b) Hehoseismology
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How to solves the problem I
I. Observational constramms
a) Surface observations + solar cycle evolution
b) Hehoseismology

¢) Other stars
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How to solves the problem I
I. Observational comstraimns
a) Surface observations + solar cycle evolution
b) Hehoseismology

¢) Other stars

Tail of the d@)g?’

Not everytlhing, but more than we think!
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How to solves the problem Il
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How to solves the problem II

2. Mean-field modelimg
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How to solves the problem II
2. Mean-field modelimg

* Put physics m as you want.
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How to solves the problem II
2. Mean-field modelmg
* Put physics m as you want.

» Control expermments.
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How to solves the problem Il
2. Mean-field modelmg
* Put physics m as you want.
» Control expermments.

* Tunable parameters.
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How to solves the problem Il
2. Mean-field modelmg
* Put physics m as you want.
» Control expermments.
* Tumable parameters.
* Good parameters come from observations or

fundamental theories.
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How to solves the problem II
2. Mean-field modelimg
* Put physics m as you want.
» Control expermments.
* Tumable parameters.
* Good parameters come from observations or
fundamental theores.

Reproducmg the Sun’s magnetic field 15 possible

with many different approaches.
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++ Strong Differential Rotation
..... Babcock-Leighton Process
) \agnetic Buoyancy

—» Maridional Circulation

Babcock-Leighton
Flux-Transport- amo

Dikpati & Charbonneau (1999)
Choudhuri, Schussler & Dikpati (1995)
Nandy & Choudhuri (2002)
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Babcock-Leighton
Flux-Transport-Dynameo

Fielc Strengt (Q]

++ Strong Differential Rotation
..... Babcock~Leighton Process

) \Magnetic Buoyancy

Latitude [deg]

—» Maridional Circulation

-90 | l e ' l‘g_

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002

Dikpati & Charbonneau (1999) £
Choudhuri, Schiissler & Dikpati (1995) §
Nandy & Choudhuri (2002) N

-90

23rd of February 2015 Seminar, Division of Mathematics, Bﬁi&gsiga oi%d%ég? 1990 1952 1691 1o% 6% 2% =002 10



Babcock-Leighton
Flux-Transport-Dynameo

1. Meridional circulation
2. Low magnetic diffusivities
3. Sunspot formation critical

Fielc Strengt (Q]

++ Strong Differential Rotation

..... Babcock~Leighton Process

Latitude [deg]

) \Magnetic Buoyancy
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Rising flux tubes?
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Rising flux tubes?

Emerging of a magnetic flux tube
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Rising flux tubes?

Emerging of a magnetic flux tube
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Can flux tubes be generated? Ault et al. (2007)
Do flux tubes survive? Guerrero & Kapyla (201 1)
No detection by hehoseismology yet.

Is the dynamo at the tachoclne? Brandenbung (2005)

b
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How to solves the problem 111

3. Global convective dynamo sumulations
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How to solves the problem 111
3. Global convective dynamo stmulations

* Numerical expermments.
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How to solves the problem I11
3. Global convective dynamo sumulations
* Numerical expermments.

o Parameters far from realistic.
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How to solves the problem I11
3. Global convective dynamo sumulations
* Numerical expermments.
» Parameters far from realistic.

* Testing mean-field theores.
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How to solves the problem I11
3. Global convective dynamo sumulations
* Numerical expermments.
» Parameters far from realistic.
* Testing mean-field theores.

* Testing observational contrammnts.
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How to solves the problem I11
3. Global convective dynamo sumulations
* Numerical expermments.
» Parameters far from realistic.
* Testing mean-field theores.
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How to solves the problem I11
3. Global convective dynamo stmulations
* Numerical expermments.
» Parameters far from realistic.
* Testing mean-field theores.

* Testing observational contramts.

Interpreting this sumulations helps us to

understand the solar dynamo!
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Global convective dynamo ssmulations

0A
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Global convective dynamo ssmulations

0A

E =u X B -+ 77V2A

Dlnp

D -V

D 1

— =g—2Q xXu+—(J xB—-Vp+ V- 2vps)

Dt 0

Ds 1

Ty =,V (VT +xipTVs) + 2052 - “g" T2 — Touar(r),
S—— S—— e . | . |
e, ® high-order finite-difference code

- | ® scales up effictently to over 60.000 cores
. e compressible MHD

,.__.___,.“,_”_'&-,,”

hittp:/ /pencil-code.google.com/

231d of February 2015 Seminar, Division of Mathematics, University of Dundee, 13


http://pencil-code.google.com/

Global convective dynamo ssmulations

t = 250 T DL S T

Mitra et al, (2009), Astrophys. J., 697, 923

o0 57

0.00 fll

0.TR<r <R 01 <0 <0 0<od<Ap ki =2n/AR

We model a spherical sector (‘wedge’) where only parts of the latitudinal
and longitudinal extents are taken into account.

Normal field condition for B at the outer radial boundary and perfect
conductor at all other boundaries. Impenetrable stress-free boundaries on

all boundaries.
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Equatorward Migration 1
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Equatorward Migration 1
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Equatorward Migration 1
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Equatorward Migration 11
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Differential rotation
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Yoshimura—Rule

Parker

5.00 ] 5.00Q 0.7 ]
ol I Parker 1955
250 Lol 1+ Yoshimura 1975
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Warnecke et al. 2014a
(ApJL. 796, L12)
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Propagation direction of
mean toroidal magnetic field

can be entirely explain by the
Parker—Yoshimmura—Rule
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Forming flux concentrations

" (=)
Tema 4000 Wy T 0 W Thwe &7 08 Wy e 329

Steim & Nordlund, 2012
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Forming flux concentrations

Steimn & Nordlund, 2012
® Near-dSurface smmulation
e Radiative transfer
e Realistic convection
* Super-granulation determime separation

23rd of February 2015, Seminan, Division of Mathematics, University of Dundee,
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Negative Effective Magnetic Pressure Instability
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Negative Effective Magnetic Pressure Instability
NEMPI
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Negative Effective Magnetic Pressure Instability

NEMPI

B2
Pressure: Piot = Pygs + —
2
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Negative Effective Magnetic Pressure Instability

NEMPI o

Pre E P+BQP—F'BIF
SSure: tot — L gas 2“ tot gas 1 2,u ! turb

Mean field approach: [/ = [ + u
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Negative Effective Magnetic Pressure Instability
NEMPI

—2
B? — - B =
Pressure: Priot = Pgas + 2% Piot = Pggs o - Prurp
Mean field approach: [/ = [/ 4 u
| —B b2
Turbulent pressure: Hz‘j — PU;U; + —5@' — bibj

2
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Negative Effective Magnetic Pressure Instability
NEMPI

—2
B? = — B =
.. p— E— P o) — P as I I P ur
Pressure: Piot = Pggs + 2 tot g 2 turb
Mean field approach: [J =[] 4
—B b?
Turbulent pressure: Hij = PU;U; + Eéw — bz’b]
EQ
. a3 < —M — — —B —0
Effective magnetic pressure: Pz’j — 752 5= B;B 5 Hz’j - Hz’j
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Negative Effective Magnetic Pressure Instability

NEMPI 2
B2 — JZ -
. — _ PO — P as I ! PU,?“
Pressure: Fiot = Fyas + 2 tot g 2 turb
Mean field approach: U=U-+u
—B b?
Turbulent pressure: Hz’j = PU;U; + 357;3' — bibj
EQ
. . —M — — =B =0
Effective magnetic pressure: Pij — 752 5= B; § Hij = Hij

Kleeornm et al. 1989, 1990
Brandenburg et al., 201 1, 2012, 2013
Kemel et al. 201 2a,b, 201 3a,b
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NEMPI
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NEMPI
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NEMPI
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» Turbulent magnetic mstability
» Scale separation mmportamnt
» No bipolar regiom yet
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Cartesian Setup

Simplified corona:

Isothermal

2n
density stratiﬁcatior&
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Cartesian Setup

Simplified corona:

Isothermal

2n
density stratiﬁcatior&

Imposed magnetic field:
By=B0=0.02 Beqo !
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Imposed magnetic field:

DU
Dt
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Cartesian Setup
Simplified corona:

Isothermal

2n
density stratiﬁcatior&

B,=B0=0.02 Beo 0

F.quations:

%:Umev?A
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Dinp

Dt
1

=g+ 0,(2)f + ;[—cﬁvm J x B+V - (2vpS)]
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Cartesian Setup

Simplified corona:
Dlnp

i Forcing f with non-helical

DU 1,
Dr 9T b))+ ;[_CSVP +J X B+ V- (2vp5)] |transverse plane waves with

Isothermal

density stratlﬁcatlor&

Imposed magnetic field:
By=B0=0.02 Beqo

F.quations:

0A
— =U x B+nV?4
ot X B

=-V.U

wave numbers around
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Cartesian Setup

Simplified corona:

Isothermal

density stratlﬁcatlor&

Imposed magnetic field:
By=B0=0.02 Beqo

F.quations:

0A

— =UxDB °A

o X B+nV

1 Z

Dhnp o @w(z):§(1—el‘f;)
DU ol 1. Forcing f with non-helical
Dr 9T b ()f)+ ;[_CSVP +J X B+ V- (2vp5)] |transverse plane waves with

wave numbers around
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Ta=3ks/ (urms ki)
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. Emergence
1| from the lower layer
" to the surface

0.02

0.00

t/Tm
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I 0.10

10.08

. Emergence
from the lower layer

10.04

to the surface

0.02
0.00

0 1 2 t/T 3 4 5}

t 1 | | | 10 psulrr/p?otl 100
Strong dependency
with
stratification

Warnecke et al. 2015
(submutted to A&A,
arXiv:1502.03799)
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Coronal extend

en./
«®)
O
| =
o)
A
(o
o
z
7!
&
©
'3
<
=
S\J
Q
=
=
O
L~
=
g
2
(o
©)
S
®
"7
d-
=
=

5

Seminar

23rd of February 2015 y/ H p




E
&
8
§
:
S

29

Seminar, Division of Mathematics, University of Dundee,

23rd of February 2015 y/Hp



Coronal extend
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Conclusions

* Equatorward propagation m suimulation are related to
the negative shear.

* Migration of mean magnetic field can be enturely
explamed by an alpha-omega-dynamo wave

* Near-surface shear layer m the Sun mmght be mmportant
to produce the solar dynamo.

e Sumple setup 15 enough for spontaneous formation.

o NEMPI nmught be a possubility for formation of sunspots
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