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Chapter 5

Sunspots

5.1 Why sunspots are interesting?

As strong magnetic features sunspots are easy detectable indicators of global solar
dynamo processes and as their temperature is about 2000 K below the average solar
surface temperature, they directly have an 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 we do not understand solar cycle
processes well enough to extrapolate to the past or future. And therefore, understand-
ing 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.

5.2 How do sunspots look below the surface- the an-
choring problem

Because magnetic fields are divergence-free, field lines have no ends and are intrinsi-
cally three-dimensional. Field lines continue above and below the observed surface.
However, different ideas exist for how the magnetic field in a sunspot looks like below
the surface. One of them is that the magnetic field of a sunspot immediately fragments
below the surface and is hold together only by an inward flow (Parker 1979). In this
picture the excess heat due to a blocked heat flux would be minimized and therefore
also the force needed to keep the sunspot together would be reduced (Spruit 1981).
But the question would be, if the unobserved inward flow would be able to keep the
magnetic flux together against the expected fluting instabilities (Schüssler 1984). Due
to Duvall et al. (1996) Parker’s model got a lot of attention again, since with helioseis-
mic interference a huge downflow around a sunspot has been detected. Nevertheless in
later measurements this downflow could not be found anymore (e.g. Gizon et al. 2009,
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Gizon et al. 2010).
The more generally accepted picture is, that the sunspot 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 1983). From numerical
simulations of emerging flux tubes the field strength at the bottom of the convection
zone is thought to be around 80 kG (D’Silva & Choudhuri 1993, Caligari et al. 1995).
This would mean any change at the bottom of the convection zone would need 5 days
to propagate to the photosphere, as that would be the travel time for an Alfven wave
(Moradi et al. 2010). Since the conditions at the bottom of the convection zone are
known to change on this time scale and small spots live around that time, the question
is how large sunspots are able to survive for several months though the conditions at
the bottom change. These lead several people therefore to propose that these sunspots
get dynamically disconnected from the bottom (e.g. Schüssler & Rempel 2005)

5.2.1 How do sunspots appear at the photosphere?

Sunspots vary a lot in their form and size. They can extend to a diameter of 50 Mm
or more where the umbra, the central dark area, is usually contributing around 20% to
the total spot diameter. The intense magnetic field present in the umbra blocks convec-
tion, so that the vertical upflow velocities are around 25 m/s compared to 1 km/s in the
case of normal granulation (Beckers 1977). This leads to a luminosity which is around
≈ 20% to that of the quiet sun and corresponds to an effective temperature of 4000K.
This luminosity is still to high to be entirely explained by the radiative heating by the
surroundings. The missing heat flux is now known to be transported by umbral dots,
which are according to Parkers umbral gap model (Parker 1979) gaps in the magnetic
field just below the surface in a way that field free convection transports heat up. Um-
bral dots usually have sizes of half an arcsecond or less and upflow velocities of a few
hundred m/s. Furthermore the magnetic field in the umbral dots is much weaker than
in the umbral background (Socas-Navarro et al. 2004; Rimmele 2004, Rimmele 2008;
Bharti et al. 2007).
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 temperature 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 obser-
vations. The reason for that are rapid changes of the inclination 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 (SanchezAlmeida et al. 1992).
Apart from that, the Evershed flow seems to be locally transient and consisting of ve-
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locity packets repeating themselves irregularly in time (Shine et al. 1994, Rimmele
1994, RouppevanderVoort 2003). Furthermore the scales of the penumbral structure
are quite small compared to those of most observations. Via measuring Stokes pro-
files and using model atmospheres which reproduce the observed profiles ( inversion
techniques) one could guess the penumbra subsurface structure, nevertheless there is
more than one possible combination of assumptions which could lead to the observed
profile. For example Westendorp et al. (2001a), Westendorp et al. (2001b) were able
to reproduce observations with a model atmosphere where the magnetic field strength
increases with height, while Martínez Pillet (2000) reproduced the same observations
with a more vertical magnetic field strength decreasing with height. The observed
velocities in the penumbra are mainly horizontal and the vertical upflow velocities are
much to small to explain the observed heat flux. It has been suggested that the observed
magnetic structures are very shallow and therefore the observed heat flux is mainly
maintained by radiation of the underlying convection zone. But since the penumbral
magnetic field is not only horizontal, it must extend to deeper layers, which would then
block convection. Several models have been developed to explain the observed heat
flux, the striation and the origin of the radial outflow in the penumbra. It is obvious
that this must be subsurface processes which are still lacking theoretical understanding.
Spruit & Scharmer (2006) extended the idea of gap field free convection originally de-
veloped by Parker (1979) to explain the umbral heat flux to further explain the observed
intensity-velocity correlation of the penumbra. In their model they picture the penum-
bral filaments caused by convection in field-free, radially aligned gaps just below the
visible surface of the penumbra, which gives an explanation of the large heat flux and
the low vertical velocities observed in the penumbra. Schlichenmaier et al. (1998)
modeled the filamentary structure of the penumbra using the thin flux tube approxi-
mation ( based on the siphon flow of Meyer & Schmidt (1968) where an flux which
is located initially at the magnetopause gets heated up by the hotter quiet sun, which
makes it bend horizontally and leads to an outward flow. This model matches observa-
tions of the Evershed flow very well, but studies from Schlichenmaier & Solanki (2003)
showed that it would be very hard in this model to uniformly heat up the penumbra as
it is observed. Others tried to explain the observed penumbra structure by turbulent
pumping (Recent magneto-convection studies by Thomas et al. (2002a), Thomas et
al. (2002b), Weiss et al. (2004), and Brummell et al. (2008) , which means that tur-
bulent convection keeps the magnetic field submerged outside the spot and lead to the
observed local variations of the inclination angles of the magnetic field. Nevertheless
very little flux of the other polarity has been observed so far which makes it unlikely
that this the dominant mechanism. Because of all this ambiguities in the description of
the subsurface processes happening in the penumbra, it would be of great advantage to
be able to get a 3d picture which gets accessible when doing 3D MHD simulations of
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a sunspot.

5.2.2 Sunspot modeling

Recently it has become possible to perform realistic 3d MHD simulations with a real-
istic equation of state of pores (Bercik et al. 2003, Cameron et al. 2007 , Kitiashvili 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 2011a, Rempel 2011b). Sunspots do not form on their own in real-
istic solar surface simulations, just if sufficient magnetic flux is present. For them to be
simulated in a self-consistent manner, one would have carry out flux emergence simu-
lations, which has not been done yet. So far in the sunspot simulations performed an
initial magnetic field configuration mimicking the magnetic field configuration present
inside of a sunspot have been performed. On the solar surface they look convincingly
real. They are very successful in describing the sunspot fine structure at the photo-
sphere. Nevertheless there are quite some subsurface features which have not yet been
seen in simulations so far. This is connected to the fact that simulation times are too
short, as further described in the next section.

5.2.3 Life time of a sunspot in simulations

Current sunspot models do improve our understanding about the fine structure of sunspots
at the solar surface, but concerning the subsurface structure of a sunspot, questions like
the origin of the moat flow, which is a large scale outflow surrounding sunspots on a
photospheric level (Sheeley 1969; Harvey & Harvey 1973), and its possible connection
to the Evershed flow were not answered yet. The limiting factor have been very short
simulation times and small box sizes. Most of the sunspot simulations done so far,
extend vertically to a depth of 6 Mm below the photosphere and are stable for around
3-6 hours simulation time (Rempel 2011a, Rempel 2012, Rempel et al. 2009a). What
limits the life time of a sunspot are fluting instabilities, which lead nonmagnetic mate-
rial to enter the sunspot area and finally cause the dispersion of the sunspot. The time
scale at which the fluting instability works, depends on the convective timescale, and
the convective time scale increases with depth. So the deeper down to the convection
zone sunspot simulations extend, the more efficiently the magnetic field is anchored
and therefore the longer a sunspot is expected to live. This has been shown by Rempel
(2011b), where the influence of the extension of the simulation box on the life time
of a sunspot has been studied. The longest simulation run was lasting for 48 h with a
box which extended vertically down to 16 Mm. They compared this simulation with a
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sunspot simulation which was only 6 Mm deep. Most of the flux has dispersed in the
6 Mm simulation after a run time of 6 h, while in the 16 Mm deep simulation this hap-
pens only after 48 h. But in simulations the life time of a sunspot not only depends on
the depth of the convection box, but also on the initial field configuration, the bottom
boundary conditions for the velocity flows, magnetic field and the pressure. The life
time of a sunspot could furthermore be dependent on the presence of an penumbra, as
was suggested by Meyer et al. (1977). Since the long time scale simulation of Rempel
(2011b) ran at low resolution, no penumbra had developed and therefore its influence
on the life time of a sunspot was not studied.

5.3 Additional boundary force increases stability of a
sunspot?

As already mentioned in the previous section, it is desirable to have longer sunspot
simulations to investigate physical processes which need longer simulation times. One
way of doing so is anchoring the magnetic field lines deeper down in the convection
zone by extending the vertical box dimensions. Another possibility would be to mimic
the anchoring of the field lines by an additional force at the lower boundary and see
if that can prolong the life time of a sunspot in the same way. This would have the
advantage of saving computational power. In the upcoming section this kind of attempt
has been investigated.

5.3.1 Numerical Methods

The numerical simulations were realized with the 3d magnetohydrodynamics code
STAGGER developed by Galsgaard & Nordlund (1996). The code solves the time-
depended magnetohydrodynamics equations by a 6th order finite difference scheme
using 5th order interpolations for the spatial derivatives, while the time evolution is
done using a 3rd order Runge-Kutta scheme. For every time step the radiative transfer
equation is solved at every grid point assuming local thermal equilibrium. This is done
by using a Feautrier-like scheme along the rays with two µ-angles plus the vertical
and four φ-angles horizontally, which adds up to nine angles in total. The wavelength
dependence of the absorption coefficient is taken into account by the opacity binning
method (Nordlund 1982, Skartlien 2000). The equation of state table used for all simu-
lations was calculated using a standard program for ionization equilibria and absorption
coefficients (Gustafsson 1973). The horizontal boundaries are periodic, while on the
top and bottom we have open transmitting boundaries. The effective temperature of the
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surface is controlled in the standard way (Galsgaard & Nordlund 1996) by adjusting
the entropy of inflowing material at the lower boundary. The magnetic field is kept
vertical at the lower boundary. At the top a potential field extrapolation is implemented
as boundary condition.

5.3.2 Set-up

Initial sunspot configuration

For the sunspot simulation we took a hydrodynamical snapshot which had the hori-
zontal dimensions of 96 Mm × 6 Mm and 10.5 Mm vertically. The simulation box
extended vertically 475 km above the photosphere and 10.0 Mm below the photo-
sphere. The horizontal resolution was 100 km, while the vertical one is non equidistant
with the highest resolution at the photosphere with 27 km and lowest at the bottom of
the simulation box with 124 km. The initial sunspot configuration was computed the
following way: We chose the values for the ratio of the gas pressure to the magnetic
pressure, β, at the top of the simulation box to be β = 0.1 and β = 20 at the bottom of
the simulation box and assumed a smooth transition of this values in between. With
the beta-profile and a mean vertical gas pressure at a every depth level, an initial ver-
tical field strength of the sunspot can be calculated. By further defining the radius of
the sunspot at the photosphere, the width of the sunspot as a function of depth can be
computed. Assuming this initial sunspot radius profile, a vector potential is calculated,
from which further on all magnetic field components can be derived consistently. The
first two components of the vector potential Ax and Ay are set to zero. The last com-
ponent of the vector potential, Az, is defined by a function which varies along the long
horizontal direction of the simulation box and with depth. The function is monoton-
ically increasing outside of the sunspot diameter, while inside the sunspot radius it is
a monotonically decreasing function. The steepness of the function depends on depth,
but is chosen in a way that the derivative along the long horizontal, which creates the
vertical component of the magnetic field, has the desired value at the photosphere.
From the vector potential the horizontal magnetic field components can be calculated,
which leads to a zero horizontal magnetic field component along the short horizontal
direction of the simulation box is zero.With the mean stratifications of density, temper-
ature and pressure taken from a hydrodynamical snapshot, these quantities can as well
be calculated inside the sunspot using the ideal gas law and hydrostatic equilibrium
equation. Assuming a Wilson depression of 400 km, the initial vertical magnetic field
strength at the photosphere is Bz = 1.3 kG and the radius of the sunspot is r=14 Mm,
which leads to a magnetic flux of φ = 2.2×1021 Mx. This initial sunspot configuration
was used for three different simulation runs. Two simulations were performed with an
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additional force perturbing the magnetic field configuration of the sunspot at a depth
of 10 Mm below the photosphere (as further described in the next Section), while the
other simulation was ran without any perturbation force as a reference case to com-
pare to. All simulations ran for 120 min solar time. The additional force at the lower
boundary was switched on only after 33 min of simulation time starting from the initial
sunspot simulation.

Force description

Our goal was to increase the life time of a sunspot by artificially holding the field lines
of the sunspot together at the lower boundary. This was done by modifying the Lorentz
force in x-direction at every time step. The net Lorentz force acting on a fluid can be
written as F = B2n

8π −
BBn
4π , where n is the normal to the surface and Bn is the magnetic

field component along n. Since a sunspot only has a magnetic field component in
the vertical direction at the lower boundary, and we are interested in displacements
of the vertical field lines in x-direction, as they would lead to a disruption of sunspot
this leads to a Lorentz force FLx =

B2ex
8π . By artificially reducing this component of

the Lorentz force, the force exerted by the volume on its surroundings is reduced,
which leads to a compression of the magnetic field. We had two simulation runs where
we applied two slightly different forces. The difference between them is illustrated
in Figure 5.3.2, which shows the dependence of the modulating force on the magnetic
field strength. For the ‘parable force’ Fp (black line) we considered a force dependence
on the square of the magnetic field strength in form of a parable, while for the other
force Fps we considered a constant force value below B2

0 (green line). Implementing
the modulating force in this way, prevents from amplifying the magnetic field to very
high values which would be unphysical and could lead to numerical problems. Fmax is
the maximum Lorentz force normally found in a sunspot at this depth in our simulation
setup. Another consideration was, that the modulating force should not act everywhere
over the horizontal layer, but only close to the sunspot, since one doesn’t want to gather
magnetic field from everywhere.This was realized by the function k, which increases
linearly from zero at the center of the sunspot up to 1 at a distance of 0.75 sunspot radii
and then decreases to zero at 1.5 sunspot radii again. The formula for Fp is shown in
equations 5.1. ε is a parameter to adjust the strength of the modulating force, while h is
the width of the layer over which the Lorentz force is modulated and R is the sunspot
radius. Bx, By and Bz are the magnetic field components in the different directions and a
and b are the parable parameters. B0 is set to 75 kG, which is the average field strength
of the sunspot at 10.5 Mm at the beginning of the sunspot simulation. In Fig. 5.3.2 the
Lorentz force in x-direction is shown for an example case before manipulation (black
line), after manipulation (red line), as well as the modulation of the Lorentz force ∆FLx
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(green line) itself. The sunspot center is at the zero point of the horizontal coordinate.

Bd = B2
x + B2

y + B2
z

a = −
Fmax

B4
0

b = −2a ·B2
0

Fpx = a ·B2
d + b ·Bd

∆FLx =
k ·ε ·Fpx

(∆h ·R)
(5.1)

FLxmodulated = FLx −∆FLx

Figure 5.1: left: illustration of dependence of modified Lorentz force component ∆FLx (Fpx
component in equation 5.1 ) on the magnetic field strength. right: The Lorentz force in x-
direction for an example case before manipulation (black line), after manipulation (red line) and
∆FLx (green line) itself. The sunspot center is at the zero point of the horizontal coordinate.

5.3.3 Results and Discussion

The effect an additional force at the lower boundary has on the simulation run com-
pared to the unmodified reference case, is depicted in Figure 5.2. It shows the vertical
magnetic field strength in kG at the lower boundary along one horizontal direction,
where the zero point indicates the center of the sunspot. The different colors indi-
cate the three different simulation runs, the dark blue line shows the simulation with
a modulated Lorentz force Fps, the light blue dashed line shows the same for a mod-
ulated Fp and the black line points out the reference case without any Lorentz force



Sunspots 85

manipulation. One the left side of the figure, the situation is depicted 34 min after the
additional force was switched on, while on the right hand side the situation is shown
after 109 min. First of all, there seems to be exactly no difference between the two
different force implementations. Secondly, in the picture on the left, it can be seen that
the sunspot simulation with an additional modulation force, the vertical magnetic field
gets compressed to higher values than found in the reference case. But as the simu-
lation continues, the vertical magnetic field in the simulation run with the additional
modulation force spreads out almost as much as the magnetic field in the reference
case. This can be better understood when looking at Fig. 5.3. It shows the vertical
magnetic field strength at the horizontal layer in 10 Mm depth, where the Lorentz force
modulation is done. This figure shows from top to bottom an evolution in time, on
the left hand side for the reference case and on the right hand side for the case where
Lorentz force is manipulated. As seen at the top level, 9 min after implementing the
force, the magnetic field is compressed to higher field strength than in the reference
case. But after only 28 min of simulation time, the first of this magnetic field bundles
is already starting to move outwards along the x-direction. This is continued after 30
min simulation time. During the simulation run with the modulated Lorentz force im-
plemented, this happens more frequently than in the reference case. The reason for this
behavior is the following. Initially the modulated Lorentz force amplifies the magnetic
field strength, but this amplification process stops when the threshold field strength is
reached, for which the Lorentz force modulation goes to zero again. The magnetic
field bundles are then free to move around. When floating around in y-direction they
sometimes come close enough to each other to feel their strongly repelling force and
they get a kick in x-direction. This behavior actually slightly enforces the disruption
of the sunspot at the lower boundary compared to the reference case due to the higher
magnetic field strengths present there.
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Figure 5.2: vertical magnetic field [kG] at the bottom boundary of the sunspot along one hor-
izontal direction for the different simulations after 34 min (left) and 109 min (right). The zero
point indicates the center of the sunspot
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Figure 5.3: temporal evolution of vertical magnetic field at the bottom boundary for the reference
case (left) and the case where an additional Lorentz force is implemented (right) for 9 min (top),
28 min (middle) , 30 min (bottom) after the force at the bottom boundary was implemented
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5.4 What causes a sunspot to have a penumbra?

It is known from observations, that active regions emerge first as pores, which in some
cases later develop into sunspots containing penumbras (Zwaan 1992). The smallest
sunspots having primitive penumbras have fluxes of 2 · 1020Mx and radii of only 1.8
Mm, but there are as well examples of pores which survive to radii up to 3.5 Mm 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 > 2 Mm
develop a penumbra (Bray 1964).

To understand under which circumstances a sunspot gets a fully developed penum-
bra 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
penumbra/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 penumbra formation theory. Hathaway (2013) found a systematic variation of the
penumbra area matching the 100 year Gleissberg cycle. This variation mainly affects
smaller sunspot groups, where the penumbra area varies by a factor of two according to
their measurements. If this variation is not due to observational errors, it can not be eas-
ily understood, since for smaller sunspots there are usually not many nearby sunspots
influencing its field inclination. Therefore it would be good to have a more profound
theoretical understanding of the conditions under which a penumbra forms and on what
its horizontal extension depends. 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 penumbra. Rucklidge et al. (1995) assume that at some critical magnetic field in-
clination and some critical radius, any perturbation of the pore leads to the formation
of a penumbra because then its the only stable solution. Liu et al. (2005), Deng et
al. (2005), who observed changes in penumbral structure associated with solar flares,
proposed that the coronal magnetic field overlying sunspots has a potential feedback
on the penumbra structure. Furthermore Shimizu et al. (2012) had detected a chromo-
spheric precursor of penumbra formation. Another possibility is that the formation of
a penumbra could be triggered by perturbations of the magnetic field in the subsurface
of the sunspot. That the subsurface structure of a sunspot can not be imagined as a
rigid, stiff magnetic flux tube is also indicated by observations, which show 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 (Maz-
zucconi et al. 1990). The observed settling process is often interpreted as notion of
anchoring in deep layers (Moradi et al. 2010).
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The formation of a penumbra in simulations

Heinemann et al. (2007) were able to get filamentary structures of very reduced length
and to detect signatures of the Evershed effect in their simulation of a sunspot-stripe.
This has also been seen in a similar simulation of a sunspot stripe performed by Rempel
et al. (2009b). Sunspot simulations by Rempel et al. (2009a), Rempel (2011a) indicate,
that an elongated penumbra evolves in the case of a nearby sunspots of opposite polar-
ity. An elongated penumbra also evolves in single sunspot simulations with a potential
field, which has been modified towards the horizontal, reaching an inclination angle of
over 65 ◦ against the vertical, compared to the unmodified case reaching an inclination
of only 50 ◦ Rempel (2012). But in the same sunspot with an unmodified potential field
only a very much shortened penumbra evolves.

5.4.1 Does a perturbation of the magnetic field in convection zone
trigger the formation of a penumbra in the photosphere?

In this chapter it was investigated, if a perturbation of the magnetic field deeper down
in the convection zone could trigger the formation of a penumbra in the photosphere.
To test this hypothesis, we took the same sunspot simulation set-up as described in
Section 5.3.2. This simulation was ran for two different cases. One is the unmodified
reference run, also used in Section 5.3, while for the other simulation run, the reference
run was taken after 33 min of simulation time and an additional force, acting on 6 Mm
depth below the photosphere, was switched on. Both runs lasted for 120 min.

5.4.2 Perturbation force description

The force implemented, is very similar to the modification of the Lorentz force de-
scribed in Section 5.3 and in equation 5.1. But in this case, the modified force is not
implemented at the lower boundary, but at 6 Mm depth. Therefore we calculated FLx
as described in equation 5.1 for the corresponding values of Fmax and B0=27 kG at this
depth level, and modulated it with a periodic function in the other horizontal direction
y as shown in equation 5.2.

Fsin = (1 + sin(
2 ·π · y

4
)) (5.2)

∆FPenumbra = Fsin ·∆FLx

FLx = FLx −∆FPenumbra
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5.4.3 Results and Discussion

The effect the ‘penumbra perturbation force’ acting at a depth of 6 Mm has on the
simulation run compared to the unmodified reference case, is depicted in Figure 5.4. It
shows the vertical magnetic field strength difference in kG between the simulation run
with the ‘penumbra perturbation force’ and the one without the penumbra perturbation
force at 6 Mm depth (top) taken 25 min after force implementation. The periodic per-
turbation of the vertical magnetic field can clearly be seen, and this signal has traveled
to the photosphere within 25 min, as shown in the middle panel. The approximate
Alfven run time for this distance at the center of our sunspot is 19 min. At the bot-
tom panel ∆Bz is shown for the photosphere 38 min after implementing the penumbra
force. With respect to the middle panel, the magnetic field variations have clearly been
amplified over time. Nevertheless looking at a bolometric intensity map for this instant
of time, the two simulations runs look exactly the same, similar to the example given in
Figure 5.5 b). One could expect that, if waiting long enough, the photospheric magnetic
field would change further, and along with that some features seen in the bolometric
intensity map would change as well compared to the reference case. But the penumbra
perturbation force has just been implemented, after the sunspot had already evolved
for 34 min, which means that the sunspot is already disrupting about 56 min after the
implementation of the penumbra force (as can be seen in 5.5 c) and d)). This time is
apparently to short to measure any significant differences in the evolution of sunspot
features at the photosphere. Therefore for future investigations, one would need to test,
if an amplification of the perturbation force would lead to the required modification of
the sunspot appearance. However, one would additionally need a sunspot simulation,
which survives for longer before it gets disrupted. Furthermore any dependence on the
numerical resolution would have to be tested. It is feasible to run this simulations at
least at double resolution and one would have to check for changes, in both the sunspot
appearance in the reference simulation as well as in the one with perturbation force
implemented.



Sunspots 91

Figure 5.4: Vertical magnetic field strength difference ∆Bz in kG for simulation with ‘penumbra
perturbation force’ minus simulation run without ‘penumbra perturbation force’. top: horizon-
tal layer 6 Mm below the photosphere 25 min after penumbra force implementation; middle:
photosphere 25 min after penumbra force implementation; bottom: photosphere 38 min after
penumbra force implementation
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Figure 5.5: From top to bottom: temporal evolution of sunspot at the photosphere for simulation
without ‘penumbra perturbation force’ after : a) 34 min b) 59 min c) 89 min d) 109 min simu-
lation time. left: vertical magnetic field strength Bz in kG, right: bolometric intensity I normed
over average intensity I0
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