1 Introduction

The origin of  magnetic activity is one of the central themes in the solar physics. From the point of view of life on Earth the most important feature of the Sun is the solar luminosity. This is provided by nuclear reactions in the solar core which evolve extremely slowly over the entire lifetime of the Sun. All aspects of solar variability that can directly effect the conditions here on Earth on time-scales that are of relevance to mankind -- centuries to minutes -- are related to magnetic phenomena. There is now substantial evidence for a magnetic modulation of the solar luminosity both in terms of position within the solar cycle, and the occurrence of activity minima. The solar wind, which  links the solar outer atmosphere with the Earth's outer atmosphere has an entirely magnetic origin. The arrival of energetic particles at the outer layers of the Earth can be retraced directly to magnetic phenomena at the solar surface. All these phenomena have tangible consequences for the conditions on Earth, and it is fair to say that we, collectively, have invested interests in gaining a better understanding of their origins.
There is now universal agreement that solar magnetic fields are generated by dynamo action driven by the turbulent motions in the solar convection zone. Many of the dynamical ingredients necessary for dynamo action have been identified and studied. It is now well known that differential rotation, cyclonic convection, magnetic buoyancy and turbulence all play important roles in the process of field generation. Despite quite detailed knowledge of various aspects of the solar dynamo process, an overall self-consistent model is still missing.

The main reason for this situation, as is often the case in astrophysics, is the inherent difficulty of describing a highly turbulent system with an extreme separation of scales (Brummell, Cattaneo & Toomre, 1995). Partly to deal with this issue, and in order to formulate mathematically tractable problems the theoretical description of solar dynamo action has traditionally relied on the development of approximations. Two of the more notable and most commonly invoked are mean field electrodynamics (Steenbeck, Krause & Rädler, 1966; Moffatt, 1978) and the thin flux tube  approximation (Defow, 1976; Spruit, 1980; Moreno-Insertis, 1986; Choudhuri & Gilman, 1987; Caligari et al., 1995). The former seeks to derive effective equations for the evolution of the mean magnetic field for a given field of turbulence, the latter assumes that magnetic fields can be described as a collection of distinct, isolated flux structures. Though extremely elegant and powerful, both these approaches suffer ultimately from the same type of shortcomings, namely they cannot easily be made dynamically self-consistent. In mean field theory the effects of small-scale fluctuations are parameterized in terms of transport coefficients, a turbulent diffusion, the α-effect and so on, that cannot be determined within the framework of mean field theory itself. In those models based on the flux tube approximation, the interaction between the turbulence and the flux tubes is highly simplified and quantified by the introduction of drag coefficients. In general, the more  an approximation is ``user friendly'', the more it relies on the introduction of externally defined parameterizations, and the harder it becomes to make it self-consistent. The present state of solar dynamo theory can be visualized as a collection of specialized models, each one specifically designed to address some aspect of the  dynamo problem, but at the same time largely independent of all the other models. Thus the underlying assumptions and the values of the input parameters for each one of the models can be adjusted without affecting the validity of any of the other models. As a result, even though the individual models are useful, the overall collection of such models lacks predictive power. This serious shortcoming can only be rectified by developing self-consistent treatments of the solar dynamo.
One of the objective of this proposal is to construct a model that overcomes the difficulties described above by adopting the following strategy:

· The model will be based on state-of-the-art, numerical solutions of the three-dimensional equations of magneto-hydro-dynamics (MHD) in spherical geometry.

· The simulations  will be carried out in the turbulent regime with a discernible inertial range.

· The extreme separation of scale will be treated by Lagrangian based sub-grid scale (SGS) models.


The rationale for our choice of strategy is that we believe that the computational resources have increased to the point that it is now possible realistically to represent MHD processes in terms of the solutions of the MHD equations, with no approximations,  over a somewhat modest, but nevertheless non-trivial range of scales. Furthermore we believe that advances in the theory of turbulent transport make it possible substantially to increase the effective dynamic range of numerical simulations by adopting appropriate SGS models. We believe a model of this type is necessary to provide the theoretical underpinning to any predictive study of solar magnetic activity. 

In this document we outline our plan to develop a self-consistent model of the solar dynamo and we describe a number of outstanding problems in solar physics that we intend to study within the numerical framework of the model.  The overall effort splits naturally into two parts; a development phase and an application phase, and we have organized this document accordingly. The next section describes the steps necessary for the development of the model. In it, we provide a rationale for our choice of numerical method (spectral finite elements) and SGS model (Lagrangian). We also describe some of the obstacles that will have to be overcome to allow the application of both techniques to the solar dynamo problem. In the section following we describe four outstanding physical problems that impact directly on our understanding of the solar dynamo, and outline our plans to address them. Finally, we provide an estimate of the time-line of the overall project, and describe the resources available to us to carry the project through.
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