1 Proposed research

In this section we describe four problems that substantially impact our ability to produce theoretical models with predictive capability and thus our understanding of the origin of solar magnetism. We feel that advances in each of these research areas will require substantial numerical work. The unifying theme common to all is that of effective transport. In this respect there is a large degree of commonality between research in these areas and research to develop general SGS models for turbulent systems. 

1.1 Physical issues

1.1.1 Solar differential rotation

 The distribution of angular velocity in the turbulent regions of the Sun is one of the crucial ingredients in the working of the dynamo. Any model of large scale dynamo action should incorporate a realistic description of this important aspect of the underlying convection. Paradoxically, even though the angular velocity distribution in the solar convection zone is known quite accurately, mostly from helioseismic inferences (e.g. \barecite{lib_89}; \barecite{bro-al_89}; \barecite{dzi-al_89}; \barecite{gou-al_93}; \barecite{tom-al_95}; \barecite{tho-al_96}; \barecite{sch-al_98}), there are at present no self-consistent models capable of reproducing it (\barecite{gla-gil_81a}; \barecite{gla-gil_81b}; \barecite{gla_85a}; \barecite{gla_85b}; \barecite{gil-mil_86}; \barecite{ell-al_00}; \barecite{mie-al_00}). The difficulty once again appears to be related to the transport properties of unresolved motions. It is known that by an appropriate choice of non-isotropic diffusion tensors it is possible to realize numerically convective motions in rotating spherical shells with practically any rotation profile (\barecite{rud_80}; \barecite{bel-al_80}; \barecite{hat_91}; \barecite{dur_91}). The problem is then to justify any particular choice on grounds other than that it gives the ``correct'' answer. Unfortunately the simplest most natural choice, namely to assume an isotropic form of diffusion, is not likely to reproduce the observed profiles.  

The problem is that with the numerical resources currently available it is not possible to construct a model in spherical geometry that captures explicitly all the motions from the global scale to scales much smaller than the Rossby radius, where it would be appropriate to incorporate smaller scales still in terms of isotropic diffusion tensors (neglecting stratification). At present, a workable dynamic range extends approximately from the global scale to the Rossby radius, where rotation is still important, and must be incorporated in terms of non-isotropic diffusion tensors. We anticipate that a  fraction of our effort will be devoted to the study of this specific problem; namely, how correctly to match dynamical scales of motion across the Rossby radius. We anticipate that some progress can be made in addressing this important issue by the study of models of convection with an integral scale comparable to the Rossby radius, and enough dynamic range to capture motions down to scales where isotropy of the unresolved scales can be justified. We believe that a reasonable form of the (non-isotropic) diffusion tensors can then be derived by appropriate averages over the solutions sets of these types of simulations. 

1.1.2 Interaction between dynamo scales

Interaction of separate dynamo scales.} One of the inherent difficulties of the solar dynamo problem is the presence of distinct, interacting dynamical scales (\barecite{bru-al_95}). Even though this theme will run through the entire project, the first situation in which it will become manifest is in the description of the dynamo process associated with the supergranular scale. Supergranules have a characteristic scale of approximately 15,000 km, and a characteristic lifetime of tens of hours. How is dynamo action on these scales affected by the presence of the solar granulation? In the simplest case one could be guided by the corresponding problem for passive scalars. In these cases the smaller velocity component gives rise to an effective (turbulent) diffusivity and the evolution on the larger scales can be treated as a mixture of large scale advection and enhanced diffusion. However, there are reasons to believe that the magnetic situation could be more complicated. The problem in the specific case is that the smaller velocity component, the granulation, is itself unstable to dynamo action (\barecite{cat_99}; \barecite{the-cat_00}; \barecite{len-cat_00}; \barecite{cat-al_00}). Indeed, there is now evidence that the granulation can generate a substantial amount of magnetic energy, with local magnetic fluctuations in well in excess of the equipartition value (\barecite{cat_99}). Under these circumstances a description purely in terms of passive diffusion seems unlikely. Another important aspect of this problem is that dynamo action on the smaller scales can be strongly affected the presence of even a modest mean field. Thus the magnetic fluctuation generated by the supergranular dynamo can modify the granulation locally, leading to important changes in its transport properties. We anticipate that the correct description will be in terms of nonlinear, anomalous transport. 

1.1.3 Origin of solar tachocline

\noindent \underline{Nature of the solar tachocline.} The emergence of active regions with sunspots obeying Hale's polarity law (\barecite{hal_08}) is the most compelling evidence for the existence of a strong, large scale toroidal field, with opposite polarity in the two hemispheres. It is universally accepted that this type of field component is generated from the poloidal field by differential rotation. Evidence from helioseismic studies indicates that most of the differential rotation is concentrated in a layer at the bottom of the convection zone, the so-called tachocline (\barecite{spi_72}; \barecite{spi-zah_92}). One of the most intriguing characteristic of this layer is that it is extremely thin (\barecite{tom-al_95}; \barecite{kos_96}; \barecite{cha-al_97}; \barecite{bas_97}; \barecite{cor-al_98}; \barecite{ell-gou_99}). This has important consequences for the structure of the (large-scale) solar dynamo, since it implies that the generation of toroidal field is highly  localized. This remarkable property of the tachocline can once again be attributed to the operation of strongly non-isotropic transport (\barecite{spi-zah_92}). However the origin of this strong anisotropy is unclear. It may be related to the structure of overshooting motions (\barecite{bru-al_00}), since the  tachocline's location roughly coincides with the end of the convection zone and the beginning of the radiative interior; or it may be related to the presence of magnetic instabilities (\barecite{gil-fox_97}; \barecite{gil-fox_98}; \barecite{dik-gil_99}; \barecite{dik-cha_99}; \barecite{gil-dik_00}). Conservative estimates of the strength of the toroidal component of the magnetic field based on observations of emerging flux suggest a value comparable to the equipartition; approximately 10,000 Gauss (\barecite{mor_86}). More recent estimates based on the thin flux tube approximation suggest a higher value closer to 100,000 Gauss (\barecite{cal-al_95}). In either case the magnetic field is extremely strong, and most likely to be dynamically significant. Given these premises it is natural to ask if the thinness  of the tachocline is magnetic in origin (\barecite{gou-mac_98}). With such localized shear it is not unreasonable to expect that strong magnetic fields can be produced; the question is if the localization of the shear would persist if the magnetic fields were absent. Clearly the resolution to this problem is of considerable importance for any model of magnetic field production. 

1.1.4 Nature of the (-effect

\noindent \underline{Nature of the $\alpha$--effect.} The generation of a large-scale poloidal field from a toroidal one remains one of the central challenges of any dynamo model to this day. It is now clearly understood that the essential ingredient is a velocity field that lacks reflectional symmetry (\barecite{mof_78}). This property allows the operation of an inverse cascade  traditionally described under the heading of the $\alpha$-effect. Within the context of solar physics, there are two fundamentally different approaches to the $\alpha$-effect that we shall call, for lack of better terminology, laminar and turbulent. These two approaches, place different emphasis on the physical processes that ultimately drive the $\alpha$-effect. It is therefore of some importance to clarify which is more likely to be the dominant effect. 

Dynamo models based on the {\it laminar} $\alpha$-effect trace their origin directly to the ideas of Babcock and Leighton (\barecite{bab_61}; \barecite{lei_69}). According to this picture, strong toroidal fields are generated at the bottom of the convection zone by differential rotation. These become unstable and rise under the action of magnetic buoyancy, eventually to appear at the surface as active regions. During their buoyant rise through the convection zone, they become twisted by the action of the Coriolis force, thereby acquiring a poloidal component. Following their emergence at the surface, active regions are broken up and dispersed by convective flows which ultimately reconnect the poloidal field, and possibly with the aid of meridional circulations, return it to the base of the convection zone. Here the poloidal field is sheared by differential rotation to close the dynamo cycle. It is important to realize that within this scenario, the $\alpha$-effect is entirely associated with the buoyant rise of active regions. This effect would be present even in a non-convecting ``convection zone''. The role of turbulence here is simply to provide enhanced diffusivity. The distribution of helicity within the convection zone is of little relevance to this picture, except, possibly as it may affect the turbulent diffusivity. Another important property of this model is that it can only operate if strong fields are generated. Weak fields would be twisted many times during their ascent through the convection zone and not contribute significantly to the mean electromotive force. 

The {\it turbulent} dynamo model is instead related to the basic ideas of mean field electrodynamics. Most of the picture is as before, except that the toroidal field is generated by the helical turbulence within the convection zone (\barecite{par_55}; \barecite{par_79}; \barecite{par_93}). In this picture, the distribution of helicity in the convection zone is crucial. This mechanism would never operate in a stationary ``convection zone''. Magnetic buoyancy instabilities only act as a potential saturation mechanism for the amplitude of the dynamo. When magnetic fields at the base of the convection zone become too strong they become unstable and are removed from the region of strong shear. In this picture, magnetic buoyancy  provides the mechanism by which the dynamo reveals itself, but it is immaterial to its operation. In contrast to the laminar dynamo, the turbulent dynamo can operate, in principle, at any amplitude. 

It is of course possible that the physical reality of the (large-scale) solar dynamo consists of a mixture of these two pictures, and that contributions to the total poloidal field production arise both from laminar and turbulent effects. Indeed, there have been suggestions that both mechanism may be constantly operating, with the laminar one dominating during ``normal'' periods of activity, and the turbulent one dominating during activity minima.  In either case, since these two model emphasize very different physical processes -- magnetic buoyancy instabilities in a rotating frame in one case, helical turbulence in the other -- then from the modeling point of view it is essential to establish their relative effectiveness.

1.2 Proposed simulations

