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Chapter 1

Introduction

1.1 Magnetic Field Generation on the Sun

1.1.1 Global dynamo action- The solar cycle

Figure 1.1: Illustration of solar cycle. left: initial start from a poloidal field, middle: winding up
of magnetic field lines due to differential rotation, right: emergence of magnetic flux tubes due
to Parker instability. after reversal of the toroidal field to the poloidal field due to the α-effect the
cycle starts again with the left picture.

Observations show that the unsigned value of the magnetic flux varies by a factor of
3 from solar minimum to solar maximum and 95% of it is concentrated in the first 40◦
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Figure 1.2: Flux tube emergence from the bottom of the convection zone when magnetic buoy-
ancy overcomes magnetic tension force

equatorward (Howard 1974, Howard & Labonte 1981). This corresponds to a variation
in the number of sunspots observed over this time period. The first sunspots in a cycle
form at relatively high latitudes, then they appear at lower latitudes, so that at the end
of the solar cycle they emerge close to the equator. Sunspots come in pairs, while the
sunspot located in the northern hemisphere has the opposite polarity as the correspond-
ing sunspot in the southern hemisphere. In the following solar cycle the polarities are
reversed (’Hales law’). Therefore the magnetic activity cycle is twice the sunspot cy-
cle, so around 22 yr. These observations asked for a theoretical explanation. Here we
focus on the approach taken by the conceptual dynamo models mainly developed by
Babcock (1961) and Leighton (1969) as illustrated in Figure 1.1. The main problem in
solar dynamo theory is how to convert a poloidal field into a toroidal one and vice versa
in periodic way. Parker (1955b) pointed out that a dipole field can be regenerated in a
rotating sphere due to the fact that uprising convection cells expand horizontally so that
the Coriolis force rotates them clockwise in the northern hemisphere and counterclock-
wise in the southern hemisphere. This leads to a conversion of a poloidal into a toroidal
field and vise versa. A toroidal field can additionally be produced by different angular
rotation with latitude (‘differential rotation’). Babcock (1961) described the solar cycle
in four stages, starting from an initial dipolar field, which due to differential rotation
winds up field lines. Now it is generally agreed that this has to happen at the base
of the convection zone, since from helioseismology it is known that in the radiative
zone rotation is homogenous at all latitudes (Beck 2000) and in the convection zone
no magnetic field could be stored due its unstable stratification. Since the density in-



Introduction 3

side a magnetic flux tube is lower than in the non-magnetic surroundings, the magnetic
flux tube rises when magnetic buoyancy is large enough to overcome magnetic tension
forces, as pictured in Fig.1.2. This is the case if the length of the magnetic flux tube
is exceeding twice the scale height of the medium (Parker 1955a). The field strength
at which the magnetic flux tube is expected to become unstable has been shown in nu-
merical simulations to be 105G (Schüssler et al. 1994). This is also the field strength
expected from 1D calculations using the thin flux approximation (Caligari et al. 1995,
D’Silva & Choudhuri 1993) to have the correct time scale of emergence as well as the
correct heliographic-latitude range and tilt of active-region axes (Caligari et al. 1998) .

According to Babcock the reversal of the dipolar field takes place due to the pole-
ward migration of the following polarity sunspot, which is closer to the poles ( a con-
sequence of the α-effect), were it neutralizes the existing flux and sets the initial field
for the new cycle.
The time scale of the solar cycle is set by the time over which a certain amount of mag-
netic flux emerges and how long it takes for it to disappear again. From observations
it is known that once there, the magnetic flux disappears from view again within about
10 days (Howard & Labonte 1981). There are several reasons for flux disappearance.
Observationally magnetic flux is already undetectable if there is sufficient mixing of
opposite polarity magnetic field within an area which can spatially not be resolved by
current instruments. The physical reasons for flux canceling are either that the mag-
netic field is dragged below the surface by the convective flow (‘submergence’), or that
the magnetic field lines of opposite polarityget close enough to each other to reconnect.
The process of magnetic flux canceling on the solar surface has commonly been math-
ematically described as a diffusion process. In this picture magnetic field lines of one
polarity diffuse due to the advection by the random motion of the convective flow into
a region of opposite polarity, like molecules of one species would diffuse and therefore
mix with molecules of another species due to the Brownian motion. This approach has
certainly its limitations, since it treats the magnetic field as a passive scalar advected by
the fluid. Nevertheless it is a commonly used working assumption with which one can
derive a diffusion coefficient for the magnetic flux canceling. The observationally mea-
sured range of diffusion coefficients determined in that way reaches from η ≈ 60 km2

s−1 (Berger et al. 1998) to 600 km2s−1 (Sheeley 1992). This wide range of measured
values suggests that in the picture of a random fluid motion determining the magnetic
flux canceling process something might be missing. As magnetic fields have no ends
they extend below the photosphere and are very likely to anchored to the bottom of
the convection zone. The influence of this ‘anchoring’ effect on the magnetic flux can-
celing process is studied with 3D MHD simulations extending to different depths in
Chapter 3. Furthermore the influence of the initial field strength on the time scale of
the magnetic flux canceling is investigated there.
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1.2 Local Dynamo Action on the Solar Surface?

Livingston & Harvey (1971) discovered an intrinsically weak small-scale internetwork
field on the Sun. It is spread approximately uniformly across the solar disk, and seems
to be independent of the solar cycle. Durney et al. (1993) and Petrovay & Szakaly
(1993) suggested that this component is produced by small scale dynamo action, lo-
cally near the solar surface. Local dynamo action means a magnetic field amplification
without the need of any shear or differential rotation but only due to the convective
motion of the fluid itself. Alternatively, the weak field component could represent frag-
ments of active regions rising through the convection zone, or being a by-product of the
decay of active regions (e.g. Spruit et al. 1987). In this ’decay’ hypothesis a correlation
between the quiet sun magnetic field and the solar cycle would be expected. The fact
that this is not evident in the observations would therefore require that the decay from
the large scale magnetic field to the smallest scales exceeds the solar cycle time, in this
interpretation. Parnell et al. (2009) find that the magnetic flux distribution between
1017 −1023 Mx can be described by a single power law function. This would indicate
that the whole field is produced by the same process. Since weak fields tend to be
compressed to strong fields by the granulation flow, there is the possibility that (some
fraction of) the intrinsically strong small scale magnetic field, which is also observed
to be unrelated to the sunspot cycle, results from a small scale dynamo mechanism.

The origin and possible variation of the strong field component is of special interest
due to its brightness contribution to the Total Solar Irradiance (Schnerr & Spruit 2011,
Foukal et al. 2006, Afram et al. 2011, Thaler & Spruit 2014a), and it will be further
discussed in Section 1.3 and in Chapter 2.

Local dynamo action is taking place if the magnetic field amplification by fluid mo-
tion is larger then the magnetic diffusion counteracting it, but in the limit of large con-
ductivity both of them are exponentially growing processes and which of them wins, is
hard to estimate (Finn & Ott 1988). It has been only recently been acknowledged that
macroscopic MHD behavior could actually depend on the fluid properties. These can
be described by the magnetic Prandtl number Prm, which is defined as the ratio of vis-
cosity over magnetic diffusivity or in other words the magnetic Reynolds number Rm
divided by the Reynolds number Re. The reason for the strong dependence on Prm has
been discussed in terms of the ordering of the viscous and resistive length scales (cf.
Moffatt 1961). For Prm � 1, the viscous length scale, where the field stretching takes
place, is much larger than the resistive one, which plays then a negligible role (Batch-
elor 1950, Schekochihin et al. 2004). The situation is quite different for Prm � 1,
when the resistive scale is much larger than the viscous scale. The latter one is the
regime present on the solar surface, since the magnetic Prandtl number there is 10−5.
On earth these conditions are not easily reproducible, not in laboratory experiments
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nor in numerical simulations. In liquid sodium experiments by Monchaux et al. (2007)
dynamo action has been achieved for the relevant Prm, but using a much lower mag-
netic Reynolds number of Rm ≈ 50 than present on the sun (Rm ≈ 1012), furthermore
the experimental setup might have influenced the results (further explanation given in
Chapter 4). For incompressible MHD simulations with a flow generated by an ran-
domly acting external large scale force, Schekochihin et al. (2007) were able to obtain
dynamo action down to Prm ≈ 0.1, but the growth rate is still declining going to lower
Prm. Magnetic Prandtl numbers Prm ≈ 1 are accessible with realistic 3D MHD solar
surface simulations, and for these values small scale dynamo action has been found
(Vögler, & Schüssler 2007, Pietarila Graham et al. 2010). In terms of dynamo behav-
ior, Pm = 1 still belongs to the large magnetic Prandtl number limit, however. A range
in magnetic Prandtl numbers and Reynolds Rm have been investigated in their paper,
but results were still somewhat inconclusive for the combination of large Rm and small
Prm. In view of the inconclusive results discussed above, the question whether low-Prm
small scale dynamo action is to be expected on the solar surface is still open. In Chap-
ter 4 we follow up on these results, explicitly testing the dependence of local dynamo
action on the magnetic Prandtl parameter Prm for realistic solar surface simulations.

1.3 The Total Solar Irradiance Variation due toMag-
netic Structures on Solar Surface

As illustrated in Figure 1.3, the brightness of the Sun (Total solar irradiance at earth or-
bit, TSI) varies over its 11-yr magnetic cycle by around 0.08% (Foukal et al. 2006) due
to the brightness contribution of the magnetic features on its surface. This variation is
too small to have a direct effect on the Earth’s climate. Magnetic brightness changes of
both signs are present (reduction in spots and pores, increase in small structures); their
net effect on TSI cancels to about 80%, with a small positive increase remaining. Since
there is no theory for what determines the relative surface coverage of dark and bright
magnetic structures, the current theoretical understanding of brightness mechanisms is
still insufficient for extrapolations of the TSI record to the past or to the future. In ad-
dition to the magnetic structures related to solar cycle, there are small scale magnetic
features (diameter around 200 km) of an intrinsically strong magnetic field component
present on the solar surface, which are thought to be independent of the solar cycle and
are maybe produced by local dynamo processes as already mentioned in Section 1.2
and further described in Chapter 4. Its brightness contribution to the total TSI has been
estimated to be 0.15% in an elaborate study by (Schnerr & Spruit 2011) using data
taken with the Swedish Solar Telescope. About the possible long term variation of the
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Figure 1.3: Total Solar Irradiance variation measured by radiometers on different space plat-
forms (ACRIM,HF,VIRGO). Figure taken from Physikalisch-Meteorologisches Observatorium
Davos (PMOD),World Radiation Center

intrinsically strong small scale magnetic field is not much known, since the small scale
magnetic field has only recently been resolved in observations and direct measurements
of the Sun’s global output (with space based instruments) are available only for the past
30 years. A systematic trend over this period, if present, is below the variation between
individual cycles. Therefore it would be useful to determine the brightness contribution
of the small scale magnetic field currently present on the sun, so that one could guess if
its possible variation could significantly change the TSI and as a consequence influence
the Earth’s climate. As one project of this Phd thesis the brightness contribution of this
small scale magnetic structures has been investigated by the means of realistic solar
surface simulations as described in Chapter 2.

1.4 Sunspots

As strong magnetic features sunspots are easy detectable indicators of global solar
dynamo processes and as their temperature is around 2000K below the average solar
surface temperature, sunspots directly influence the total solar irradiance. Though the
current variations of the total solar irradiance during on sunspot cycle are not large
enough to have any direct effect on the earth’s climate, as already pointed out in Section
1.3, we do not understand solar cycle processes well enough to extrapolate to the past
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or future. And therefore, understanding what determines the life time of a sunspot as
well as what determines their ratio between penumbra/umbra is inevitable to be able to
predict solar irradiance variations.

Recently it has become possible to perform realistic 3D MHD simulations with
a realistic equation of state of pores (Bercik et al 2003, Cameron et al. 2007 , Kiti-
ashvili et al. 2010) as well as of a sunspot umbra (Schüssler & Vögler 2006), stripes of
sunspots (Heinemann et al. 2007, Rempel et al. 2009b) as well as of whole sunspots
(Rempel et al. 2009a, Rempel 2011b). As further described in Chapter 5 ,we also per-
formed 3D MHD simulations of sunspot stripes to investigate two different scientific
questions further described below.

1.4.1 Life time of a sunspot?

As magnetic fields are divergence-free, field lines have no ends and are intrinsically
three-dimensional. This means field lines continue above and below the observed sur-
face. The commonly accepted picture about how a sunspot looks like below the sur-
face, is that it persists as one magnetic flux tube, which is anchored at the base of the
convection zone ( already implicit in Cowling 1953, and developed by Babcock 1963,
Leighton 1969, Spruit & Roberts 1983). What limits then its life time, are fluting
instabilities which lead to nonmagnetic material to enter the sunspot area and finally
disperse the sunspot. In realistic 3D MHD sunspot simulations the dispersion of a
sunspot is faced earlier than in observations because simulation boxes have typically
vertical extensions of 1/20 of the convection zone layer or less. Since the convective
time scale increases with depth, this means that in simulations the magnetic flux tube
is anchored at a altitude level where the convective time scale is much shorter than
at the base of the convection zone and therefore the destruction of the sunspot is ex-
pected earlier than observed on the sun. Current sunspot models are very successful in
describing the sunspot fine structure at the photosphere. Nevertheless many questions
considering their subsurface structure, as the origin of the moat flow, which is a large
scale outflow surrounding sunspots on a photospheric level, first discovered by Sheeley
(1969), Harvey & Harvey (1973), and its possible connection to the Evershed flow, are
still open. This is connected to the fact that commonly used simulation times of 3-8h
(Rempel 2011a, Rempel 2012, Rempel et al. 2009a, Rempel et al. 2009b) are too short
for this flow patterns to develop without the influence of the initial set-up. It has been
shown by Rempel (2011b), that a vertical extension of the simulation box does prolong
the life time of a sunspot, but this goes at the cost of much higher computational power.
Following up this idea, in Chapter 5 we investigated the question, if an additional force
at the lower boundary holding the magnetic field lines together, prolongs the life time
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of the sunspot, while the computational expense stays the same.

1.4.2 What causes a sunspot to have a penumbra?

Sunspots vary a lot in their form and size. They can extend to a diameter of 50Mm
or more where the umbra, the central dark area, is usually contributing around 20% to
the total spot diameter. The penumbra is seen as a brighter ring surrounding the dark
umbra, having around 75 % of the heat flux of the normal granulation, leading to a tem-
perature of 5275K. Although lots of observations are available from this region, there
is still a lot of debate going on about the theoretical understanding of the penumbra
structure based on observations. The reason for that are rapid changes of the inclina-
tion angle of the magnetic field (Beckers & Schröter 1969; Lites et al. 1990; Schmidt
et al. 1992; and Title et al. 1993) as well as of the Evershed flow with depth (Sanchez
Almeida & Lites 1992). The smallest sunspots having primitive penumbras have fluxes
of 2×1020Mx and radii of only 1.8Mm, but there are as well examples of pores which
survive to radii up to 3.5Mm and magnetic fluxes of 7×1020 Mx. This means there is
a regime of magnetic fluxes and radii for which both pores and sunspots exist, though
most of the pores with R> 2Mm develop a penumbra ( Bray & Loughhead 1964). To
understand under which circumstances a sunspot gets a fully developed penumbra and
when it stays a pore, is not only interesting from a basic physics point of view. Total
solar irradiance reconstructions use total sunspot areas and assume a constant penum-
bra/umbra ratio (Foukal & Lean 1990). If this assumption is not valid, there might be
consequences for solar cycle theory, solar irradiance reconstruction and for the penum-
bra formation theory. Therefore it would be good to have a more profound theoretical
understanding of the conditions under which a penumbra forms and on what its hori-
zontal extension depends on. (Simon & Weiss 1970, Spruit 1976, Simon et al. 1983)
had developed pore models which assume that as soon as the magnetic flux increases,
the magnetic field gets more inclined towards the vertical and finally forms a penum-
bra. Rucklidge et al. (1995) assume that at some critical value θc and some critical
radius, any perturbation of the pore leads to the formation of a penumbra because then
its the only stable solution. It is indicated by observations, that the subsurface structure
of a sunspot does influence its behavior, since it has been shown that larger sunspots
are moving around a bit in longitude and latitude (Gizon et al. 2009, Gizon et al. 2010)
before they stabilize at a certain position which can take a few days (Mazzucconi et
al. 1990). The observed settling process is often interpreted as notion of anchoring in
deep layers (Moradi et al. 2010). Following this idea, it could be that perturbations of
the magnetic field in the subsurface of the sunspot trigger the formation of a penum-
bra. This hypothesis has been investigated in Chapter 5 by performing a 3D MHD
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simulation of a sunspot and testing the influence of an additional force perturbing the
magnetic field deeper down in the convection zone.

1.5 Summary of main results

• Brightness contribution of the small scale magnetic field on the sun: The
photospheric quiet sun magnetic field is contributing ∆F = (−0.34± 0.07)% to
the total bolometric flux. Realistic 3D solar surface simulations performed by
Thaler & Spruit (2014a), identified indirect brightness contributions such as the
suppression of convection nearby magnetic obstacles, which have recently also
been detected in observations (Kobel et al. 2012), and the dark ring effect as
dominating over the positive direct brightness contribution of the magnetic struc-
tures themselves.

• Magnetic Flux canceling on the solar surface: The time scales involved in
the disappearance of magnetic flux between regions of opposite polarity on the
solar surface depend on the magnetic field strength. This is due to the fact that
the attractive magnetic force increases with the field strength, which leads to
reconnection and magnetic retraction of the magnetic field below the surface.

• Magnetic Flux canceling on the solar surface: Though the intrinsic kG strength
magnetic field concentrations connects the surface to deeper layers by magnetic
forces and one would expect that the depth of the anchoring of the magnetic
field influences the flux disappearance process, only a very mild influence on the
effective rate of magnetic flux canceling has been found.

• Small scale dynamo action at low magnetic Prandtl numbers: Studying mag-
netic field amplification as a function of the numerical magnetic Prandtl parame-
ter Prm in realistic solar surface simulations showed that at a Prm of around one
a shut down of dynamo action takes place. This does not crucially depend on
numerical resolution, which can be used as a proxy for the Reynolds number.

• Small scale dynamo action at low magnetic Prandtl numbers: In our real-
istic solar surface simulations where local dynamo action was taking place, no
evidence was found that a compression of the generated weak magnetic field
component leads to the strong magnetic field component. This is probably due
to the fact, that the field is of mixed polarity, so that further compression would
lead to flux canceling.
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