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Figure 6. Mean velocity dispersion (just for interest, not for the paper). 0° latitude.
512 x 512 x 256 resolution, 4 x 4 x 1 aspect ratio.
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Figure 7. Local Rossby number (just for interest, not for the paper). 0° latitude.
512 x 512 x 256 resolution, 4 x 4 X 1 aspect ratio.

convergences, it might appear plausible if sunspots and other magnetic features are di-
rectly correlated with the prograde propagating pattern that is seen in the simulations.

It is difficult to tell from simulations which picture is the right one, unless one is able
to obtain structures in turbulent dynamo simulations that look like sunspots. The idea
of sunspots being a more localized phenomenon has been developed by Kitchatinov &
Mazur (2000), who found that local sunspot-like flux concentrations can develop near
the surface as the result of a linear instability in the thermo-hydromagnetic mean field
equations. Similar ideas have also been put forward by Kleeorin et al. (1996) who drew
a connections with a negative turbulent magnetic pressure effect that might lead to
sunspot-like flux concentrations.

The near-surface shear layer may be important for the solar dynamo in producing
toroidal magnetic fields provided appreciable mean poloidal fields are present in the sur-
face layer. In fact, at the equator the amount of near-surface shear is at least equally
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Figure 8. Local Reynolds number (just for interest, not for the paper). 0° latitude.
512 x 512 x 256 resolution, 4 x 4 x 1 aspect ratio.

strong compared to that at the bottom of the convection zone, where at 30° latitude the
shear is almost completely absent. This and several other reasons give rise to the sugges-
tion that the solar dynamo may not just operate in the overshoot layer, but instead in
the full convection zone, and that a major fraction of the toroidal field is being generated
in the near-surface shear shear (Brandenburg 2005). This implies that an overshoot layer
may not be a critical aspect of the solar dynamo. This is also consistent with recent find-
ings by Dobler et al. (2006) that even in fully convective spheres large scale magnetic fields
is produced. Of course, before applying their model to real stars, it is important to clarify
the question of whether the dynamo still works at high magnetic Reynolds numbers.

The original objection against dynamo action in the bulk of the convection zone is
connected with the possibility of a rapid loss of magnetic flux through the surface via
magnetic buoyancy. The latter was never found to be a pronounced phenomenon in sim-
ulations of compressible convective dynamo action, because stratified convection leads to
a strong downward pumping of magnetic fields (Nordlund et al. 1992, Brandenburg et al.
1996). This pumping phenomenon has recently also been confirmed in simulations where
an initial magnetic field was imposed, rather than generated by dynamo action (Tobias
et al. 1998, 2001, Dorch & Nordlund 2001). With this in mind, the idea of distributed
dynamo action throughout the entire convection zone has become viable again.

5. Conclusions

The present investigations have demonstrated that in nonlinear rotating convection
(with gravity perpendicular to rotation, which is relevant to the equator), negative shear
emerges together with a positive pattern speed. Although the mean azimuthal flow speed
attains a positive maximum away from the surface, its value (~0.035\/gd in Fig. 2 at
z = —0.2d) is still less than that of the pattern speed (=0.064+/gd). Thus, the pattern
cannot be associated with a particular depth where the two would match.

Obviously, the usefulness of cartesian simulations for understanding differential ro-
tation is limited and comparison with global simulations will remain necessary. So far,
global simulations have only shown traces of deceleration toward the surface. This
difference could be explained by the absence of rapid downdrafts near the surface, or
perhaps by other differences in the setup of the simulations (e.g. € is rather large in
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our simulations). On the other hand, the basic aspects of the present simulations are
also seen in the more realistic solar simulations produced recently by Stein & Nordlund
(unpublished) who find surface deceleration just like in the present simulations.
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Discussion

J. ToOMRE: There is a large body of linear stability studies, in particular by Peter
Gilman where he looks at the types of behavior of various onset modes — the equatorial
modes and the high latitude modes in a sphere. It is characteristic of almost all of them
that instead of them being standing waves, they are propagating waves of convection.
They will be prograde at low latitudes and retrograde at high latitudes. What is inter-
esting is that in the big simulations some aspects of this are still true. The convection
itself establishes strong differential rotation, but the pattern itself also swims. But on
the issue that the supergranules are waves of something, there is really some substantial
debate — the supergranules can be swimming, but that does not make them waves.

A. BRANDENBURG: Yes, I agree with you. There is indeed a large body of analytical
and linearized studies. In my talk I mentioned also the recent papers by Busse (2004)
and Green & Kosovichev (2006) that are certainly quite suggestive. However, at the
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moment we cannot be sure that what we see in the simulations is really just a nonlinear
manifestation of the linear traveling wave patterns seen in these analytical studies. In the
highly nonlinear regime the simulations show very sharp structures that might resemble
shocks. So any direct relation to linear theory might be premature. However, linear theory
is the most obvious tool that we have at the moment.

M. REMPEL: How much faster is the fastest sunspot speed compared to the mean flow.
When you have sunspots at low latitude, you also have this faster band of the torsional
oscillation. I am wondering whether you might be able to reproduce the sunspot speed
if you add the additional velocity from the torsional oscillation to the mean flow.

A. BRANDENBURG: I think the torsional oscillations make a very small effect here. It is
probably within the error bars seen in my plot. The modulation with the cycle, which
is what you are referring to, is on the order of +2nHz at most. This is small compared
with the difference between the youngest and oldest sunspots, which is of the order of
10nHz.

A.S. BRUN: You say that in order to break the constraint from the Taylor-Proudman
theorem you need are warm pole. However, based on our various models we can say that
it is not just a question of having a warm pole, but it is a question of having the right
absolute temperature contrast (AT > 8K or so). In addition we have to consider the
effects of the tachocline that may have a feedback effect on the convection such as to
give you the profile we are observing in the sun. So I do not think it is just a question of
having a warm pole; we can have a warm pole and still have almost cylinder-like rotation
if the baroclinic term is not strong enough.

A. BRANDENBURG: My main point is that departures from 2z - VQ? = 0 are most likely
explained by a finite baroclinic term, (]B (VT x VS). In the convection zone, where the
radial entropy gradient is small, a finite baroclinic term is mostly due to the latitudinal
entropy gradient, so that
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where w = rsin f is the cylindrical radius, z = r cos @ is the distance from the equatorial

plane, and (;3 is the unit vector in the azimuthal direction. Negative values of 9Q2/0z, in

turn, require that the pole is slightly warmer than the equator (so weak that it cannot at

present be observed). Achieving this in a simulation may require particular care in the

treatment of the outer boundary condition. I am aware that this is not really the case

in the simulations, but this would be the avenue along which one would hope to find an
explanation.

¢ (Vsx VT) ~ <0, (5.1)

A.S. BRUN: Your plot, where you show the rotation speeds of new and old flux, seems
to contradict your statement about the proper motion of young and old sunspots.

A. BRANDENBURG: These are really two different things. The speeds of new and old
flux refer to the speeds of active nests that have life times of up to 6 months. New flux
appears at high latitudes where the angular velocity is less than near the equator, where
flux appears near the end of the cycle, which is what is referred to as old flux. Regarding
sunspots, we are talking about much shorter time scales. Young sunspots are those that
have lived for 0.5 to 1.5 days, while very old sunspots can live for 3 months. The sunspot
proper motion still obeys a latitudinal dependence very similar to the average angular
velocity, but the distribution of young spots is just shifted upwards on such a plot.



