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1. Tales of small-scale magnetism (cont.)

The KGB model .

Two-dimensional radiation

magnetohydrodynamics

simulation of a small-scale

mangetic flux concentration

in the solar atmosphere.

Adapted from Deinzer et

al. 1984b
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1. Tales of small-scale magnetism (cont.)

Contrast profile of a

medium-sized KGB-model.

Knölker & Schüssler 1988,

A&A, 202, 275
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1. Tales of small-scale magnetism (cont.)

Contrast profile of a

medium-sized KGB-model.

Knölker & Schüssler 1988,

A&A, 202, 275

Filtergram with contrast profile of a “ribbon” structure.

Berger, Rouppe van der Voort, Löfdahl et al. 2005,

A&A 428, 613

Isothermes and Wilson

depression

τc =1 T
T1

23T
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1. Tales of small-scale magnetism (cont.)

Center-to-limb variation of the intensity contrast in the continuum.

From Deinzer et al. 1984b.
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1. Tales of small-scale magnetism (cont.)

Faculae at θ = 61◦ in the continuum at 587.5 nm (left) and in the G-band (right). Solar

limb is right. Tickmarks indicate 1′′ distances. The facular brightening occurs on the

disk-center side of granules limbward of a dark “facular lane”.

From Hirzberger & Wiehr (2005), A&A 438, 1059

toc ref



1. Tales of small-scale magnetism (cont.)

Interestingly, the old “KGB-model” (Deinzer et al. 1984b; Knölker & Schüssler

1988) as well as the two-dimensional, non-stationary simulation of Steiner

(2005) do nicely reproduce the asymmetric shape and the dark lane [of

faculae].

From Steiner, O.: 2007, in Modern Solar Facilities—Advanced Solar Science,

F. Kneer, K., G. Puschmann, and A.D. Wittmann (eds.), p. 321–337
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1. Tales of small-scale magnetism (cont.)

The KGB model .

Two-dimensional radiation

magnetohydrodynamics

simulation of a small-scale

mangetic flux concentration

in the solar atmosphere.

Adapted from Deinzer et

al. 1984b
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1. Tales of small-scale magnetism (cont.)
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1. Tales of small-scale magnetism (cont.)

Invitations to Colloquia and Workshops at KIS by Manfred from 1987 to 1990

late 1987 FREIBURG I. BR. (D): Colloquium at the Kiepenheuer-Institut

für Sonnenphysik, Numerical models for solar magnetic flux-

tubes
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1. Tales of small-scale magnetism (cont.)

Invitations to Colloquia and Workshops at KIS by Manfred from 1987 to 1990

late 1987 FREIBURG I. BR. (D): Colloquium at the Kiepenheuer-Institut

für Sonnenphysik, Numerical models for solar magnetic flux-

tubes

Oct. 12 – 14, 1988 FREIBURG I. BR. (D): Workshop “Konzentrierte Magnet-

felder in Photosphäre und Chromosphäre” at the Kiepen-

heuer-Institut für Sonnenphysik, Strahlungstransport in pho-

tosphärischen Schichten von Plage- und Netzwerkregionen

Dec. 21, 1989 FREIBURG I. BR. (D): Colloquium at the Kiepenheuer-Institut

für Sonnenphysik, Modellrechnungen für magnetische Fein-

strukturen in der Sonnenatmosphäre

Dec. 12 – 14, 1990 FREIBURG I. BR. (D): Workshop “Solare Magnetfelder” at the

Kiepenheuer-Institut für Sonnenphysik, Modellrechnungen für

solare Magnetfeldkonzentrationen
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1. Tales of small-scale magnetism (cont.)
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Magnetic flux tube with

Bz(r = 0, z = 0) =

1600 Gauß and a

radius of

R(z = 0) = 100 km

in radiative equilibrium.

Contour lines of

constant temperaure

are indicated.

Adapted from Steiner &

Stenflo (1990).
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1. Tales of small-scale magnetism (cont.)
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Magnetic flux tube with

Bz(r = 0, z = 0) =

1600 Gauß and a

radius of

R(z = 0) = 100 km

in radiative equilibrium.

Contour lines of

constant temperaure

and constant optical

depth are indicated.

Adapted from Steiner &

Stenflo (1990).

toc ref



From Steiner, O., Grossmann-Doerth, U., Schüssler, M. & Knölker, M.: 1996, Sol. Phys. 164, 223
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Manfred Schüssler in front of the Tautenburg Observatory on Sept. 18, 1992



1. Tales of small-scale magnetism (cont.)

“Moreover, the computation cannot be simplified by reducing the number of

dimensions. Astrophysical convection is turbulent and is thus an essentially

three-dimensional phenomenon. . . . Two-dimensional simulations are no

substitute for three-dimensional simulations. . . . we may at some future stage

be able to justify the use of models of lower dimension for some purposes, but

not at present.”

From Durrant, C.J., Outsanding Theoretical Problems: 1990, I.A.U. Conf. Proc. 138
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1. Tales of small-scale magnetism (cont.)

Bolometric intensity maps from CO
5
BOLDsimulations. From F. Calvo, IRSOL

magnetohydrodynamic simulation

magnetic bright structure

hydrodynamic simulation

non-magnetic bright points
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Solar model, magnetic field-free, 9.6 x 9.6 Mm

Solar model, initial homogeneous vertical 50 G magnetic field, 9.6 x 9.6 Mm

vz at 〈τ〉 = 1 = z = 0 T (z=1200 km) vhor (z=1200 km)



1. Tales of small-scale magnetism (cont.)

Close-up of a swirl event.

The plasma flows along

and co-rotates with the

magnetic field (spiral

streamlines). From

www.solartornado.info.
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2. Tales of large-scale magnetism

Caligari, P., Moreno-Insertis, F., Schüssler, M.: 1995,

Emerging flux tubes in the solar convection zone. 1:

Asymmetry, tilt, and emergence latitude, ApJ 441, 886

356 citations
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2. Tales of large-scale magnetism

Caligari, P., Moreno-Insertis, F., Schüssler, M.: 1995,

Emerging flux tubes in the solar convection zone. 1:

Asymmetry, tilt, and emergence latitude, ApJ 441, 886

356 citations

Schüssler, M., Caligari, P., Ferriz-Mas, A., Moreno-

Insertis, F.: 1994, Instability and eruption of magnetic

flux tubes in the solar convection zone, A&A 281, L69.164 citations

307 citations
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Manfred Schüssler and Peter Caligari in 1994 on top of Neulindenturm (Kaiserstuhl)



2. Tales of large-scale magnetism (cont.)

Solar radiance variability and the virial theorem

The virial theorem is widely known as

2U +Ω = 0 ,

where U is the total thermal energy and Ω is the gravitational binding energy

of the star. Striking the energy balance,

U1 + Ω1 = U2 +Ω2 +R↑,

where R↑ is the energy lost from the star by extra radiation when going from

state 1 to state 2. From this one concludes that any change −∆Ω, e.g., by

gravitational contraction of a star, leads to a changes of

∆U = −

1

2
∆Ω and R↑

= −

1

2
∆Ω .
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2. Tales of large-scale magnetism (cont.)

A general form of the virial theorem, including the magnetic field, is given by

Chandrasekhar & Fermi (1953):

1

2

d
2J

dt2
= 2K +Ω+M + 3

∫
R

P dV + S ,

J(t) =

∫
R

ρr2dV ,

K(t) =
1

2

∫
R

ρv2
dV ,

Ω(t) =
1

2

∫
R

ρΨdV ,

M(t) =

∫
R

B
2

2µ0

dV ,

3

∫
R

P dV = 3(γ − 1)U(t) ,

S(t) = −

∮
∂R

PtotdS +
1

µ0

∮
∂R

(r ·B)B · dS .

where J is the moment of inertia, K the kinetic energy of mass motion, Ω the

gravitational binding energy of the star with Ψ being the gravitational potential, M the

magnetic energy, U the internal energy, and S a surface integral over the boundary

∂R of the region R occupied by the star.
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2. Tales of large-scale magnetism (cont.)

R
core

p  = const

2
R

1R

convection zone

g

Considering the convection zone only

and making a number of assumptions

and simplifications, one obtains for the

virial theorem

∆M + 2∆U = 0 ,

from which follows that

R↑
= −

1

2
∆M .

From Steiner, O. & Ferriz-Mas, A.: 2005, Connecting solar radiance variability to the

solar dynamo with the virial theorem, Astr. Notes 326, 190-193
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2. Tales of large-scale magnetism (cont.)

R
core

p  = const

2
R

1R

convection zone

g

Considering the convection zone only

and making a number of assumptions

and simplifications, one obtains for the

virial theorem

∆M + 2∆U = 0 ,

from which follows that

R↑
= −

1

2
∆M .

From Steiner, O. & Ferriz-Mas, A.: 2005, Connecting solar radiance variability to the

solar dynamo with the virial theorem, Astr. Notes 326, 190-193 5 citations
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2. Tales of large-scale magnetism (cont.)

R
core

p  = const

2
R

1R

convection zone

g

Considering the convection zone only

and making a number of assumptions

and simplifications, one obtains for the

virial theorem

∆M + 2∆U = 0 ,

from which follows that

R↑
= −

1

2
∆M .

From Steiner, O. & Ferriz-Mas, A.: 2005, Connecting solar radiance variability to the

solar dynamo with the virial theorem, Astr. Notes 326, 190-193 5 citations

From Steiner, O. & Ferriz-Mas, A.: 2005, The deep roots of solar radiance variability,

Mem. Soc. Astron. Italiana 76, 789 0 citations
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2. Tales of large-scale magnetism (cont.)

Surface magnetic fields and the toroidal flux

core

δΣ

convection zone

Σ

Integration of the induction equation in the pink

meridional plane leads to:

dΦN

tor

dt
=

∫

δΣ

(U × B + 〈u × b〉 − η∇ × B) · dl .

and further to

dΦN

tor

dt
=

∫
1

0

(Ω − Ωeq)BrR
2

⊙d(cos θ) −
ΦN

tor

τ

The net toroidal magnetic flux is determined by

the radial magnetic flux at the solar surface.

From Cameron, R. & Schüssler, M.: 2015, The crucial role of surface magnetic fields for

the solar dynamo, Science 347, 1333
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2. Tales of large-scale magnetism (cont.)

What then determines the polar field flux?
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2. Tales of large-scale magnetism (cont.)
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Transequatorial flux emergence has a significant influence on the

formation and reversal of the polar fields. See, e.g., Jiang, J.,

Cameron, R.H. & Schüssler, M.: 2014, ApJ 791; Cameron, R.H.

et al.: 2013. A&A 557, A141
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Robert Cameron, Emre Işık, Jie Jiang, and Manfred Schüssler, Beijing, Sept. 30, 2012



2. Tales of large-scale magnetism (cont.)

Is the surface flux transport (SFT) model unstable?
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2. Tales of large-scale magnetism (cont.)

Is the surface flux transport (SFT) model unstable?

−−
−

+ ++ + +

−
−
−

−

+

+ +
+

++

−

−

−
−

−

+

−−−
−

−

+
+

+
+

+
+

+

−−

+

−

+

−

+

−

++

−
−

−

+
+

−− −
−
−

−

+
+ +

+

−−
−

+ ++ + +

−
−
−

+

−−

+

−

+

po
la

r 
flu

x

toc ref



2. Tales of large-scale magnetism (cont.)

Is the surface flux transport (SFT) model unstable?
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2. Tales of large-scale magnetism (cont.)

Is the surface flux transport (SFT) model unstable?
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Evolution of the polar field of a

SFT model. Figure made from

memory of a colloquium talk at

KIS by Marc De Rosa.
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Robert Cameron, Emre Işık, Jie Jiang, and Manfred Schüssler, Beijing, Sept. 30, 2012



2. Tales of large-scale magnetism (cont.)

Overstable surface flux transport model
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2. Tales of large-scale magnetism (cont.)

Overstable surface flux transport model
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2. Tales of large-scale magnetism (cont.)

Overstable surface flux transport model
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2. Tales of large-scale magnetism (cont.)

Overstable surface flux transport model
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2. Tales of large-scale magnetism (cont.)

Overstable surface flux transport model
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Conjecture:

The Gnevyshev-Ohl rule is an

expression of the stabilizing

effect of the anti-correlation

between cycle-amplitude and

tilt-angle.
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Thank you for your attention

Thank you Manfred
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