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Figure 4: A soft X-ray image of the solar coronal on May 27, 1999, taken by
the Yohkoh soft X-ray telescope. The arrows point to two “sigmoids” at similar
longitudes north and south of the equator showing an inverse-S and a
forward-S shape respectively.
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-) Evidence now points to the tachocline, the thin shear layer at the base of the solar convection zone where solar rotation
changes from the latitudinal differential rotation of the solar convective envelope to the nearly solid-body rotation of the radiative interior, as
the site for the generation and amplification of the large scale toroidal magnetic field from a weak poloidal magnetic field (see Charbonneau
and MacGregor, 1997 m; Dikpati and Charbonneau, 1999; Dikpati and Gilman, 2001). Furthermore, with its stable (weakly) subadiabatic
stratification, the thin overshoot region in the upper part of the tachocline layer (Gilman, 2000) allows storage of strong toroidal magnetic
fields against their magnetic buoyancy for time scales comparable to the solar cycle period (Parker, 1975w, 1979
van Ballegooijen, 1982 m ; Moreno-Insertis et al., 1992 m; Fan and Fisher, 1996 m; Moreno-Insertis et al., 2002 m; Rempel, 2003 m). Thus
with toroidal magnetic fields being generated and stored in the tachocline layer at the base of the solar convection zone, these fields need to
traverse the entire convection zone before they can emerge at the photosphere to form the observed solar active regions.

High resolution observations have shown that magnetic fields on the solar photosphere are in a fibril state, i.e. in the form of discrete
flux tubes of high field strength ( in equipartition with the thermal pressure) having a hierarchy of cross-sectional sizes that range from
sunspots of active regions down to below the limit of observational resolution (see Zwaan, 1987 m; Stenflo, 1989 m ; Dominguez Cerdefia
et al., 2003 ; Khomenko et al., 2003 ; Socas-Navarro and Sanchez Almeida, 2003). It is thus likely that the subsurface magnetic fields in
the solar convection zone are also concentrated into discrete flux tubes. One mechanism that can concentrate magnetic flux in a turbulent
conducting fluid, such as the solar convection zone, into high field strength flux tubes is the process known as “flux expulsion”, i.e. magnetic
fields are expelled from the interior of convecting cells into the boundaries. This process has been studied by MHD simulations of the
interaction between convection and magnetic fields (see Galloway and Weiss, 1981; Nordlund ef al., 1992). In particular, the 3D simulations
of magnetic fields in convecting flows by Nordlund et al. (1992) show the formation of strong discrete flux tubes in the vicinity of strong
downdrafts. In addition, Parker (1984) put forth an interesting argument that supports the fibril form of magnetic fields in the solar convection
zone. He points out that although the magnetic energy is the ion from a i field into the fibril state, the total
energy of the convection zone (thermal + gravnanonal + magnetic) i is reduced by the fibril state of the magnetic field by avoiding the magnetic
inhibition of convective overturning. an , he was able to derive the filling factor of the magnetic
fields that corresponds to the minimum total energy state oflhe atmosphere By applymg an appmprlate polytropic index for the solar
convection zone, he computed the filling factor which yielded fibril magnetic fields of about | — ; k(4, roughly in agreement with the
observed fibril fields at the solar surface. —
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