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Abstract. We present the results of 3D simulations, performed with the ASH code, of the
nonlinear, magnetic coupling between the convective and radiative zones in the Sun, through
the tachocline. Contrary to the predictions of Gough & McIntyre (1998), a fossil magnetic ﬁeld,
deeply buried initially in the solar interior, will penetrate into the convection zone. According
to Ferraro’s law of iso-rotation, the diﬀerential rotation of the convective zone will thus expand
into the radiation zone, along the ﬁeld lines of the poloidal ﬁeld.
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1. Two scenarios for the tachocline conﬁnement
Spiegel & Zahn (1992) were the ﬁrst to develop the concept of the tachocline, the
thin region that links in the Sun the diﬀerential rotation of the convection zone with
the quasi uniform rotation of the radiation zone. They showed that, due to thermal
diﬀusion, this diﬀerential rotation would spread far into the deep interior. Since this is
not observed, Spiegel & Zahn (1992) invoked an anisotropic turbulence that would erode
the latitudinal gradient of angular velocity. Gough & McIntyre (1998) questioned this
anisotropic turbulent momentum transport, quoting examples from geophysical studies
to rebut this scenario. They proposed that the conﬁnement of the tachocline is achieved
by a fossil magnetic ﬁeld buried in the radiation zone. However, numerical simulations
carried out by Garaud (2002) and Brun & Zahn (2006) did not conﬁrm this magnetic
scenario. Revisiting GM98, it appeared that the meridional circulation of the convection
zone was a key factor in conﬁning the magnetic ﬁeld inside the radiation zone, and that
the simulations should allow for radial ﬂow between these two zones. As a matter of
fact, when implementing an ad-hoc meridional ﬂow in the convection zone, Sule et al.
(2005) and Garaud & Garaud (2008) managed to numerically recover the GM98 results.
To circumvent these boundary conditions issues, we present here the ﬁrst 3D MHD
numerical simulations that couple the solar radiation zone with the convection zone,
both regions being treated in the most realistic way. These simulations were performed
with the ASH code (for Anelastic Spherical Harmonics, Brun et al. (2004)).

Evolution of a magnetic ﬁeld of fossil origin
We start the simulation with a relaxed convection zone, and with a dipolar magnetic
ﬁeld conﬁned in the radiation zone, in equipartition of energy with the rotation in that
zone (see ﬁgure 1(a). As the model evolves, we observe the development in the tachocline
of a strong toroidal magnetic ﬁeld, which is due to shearing of the poloidal ﬁeld by the
diﬀerential rotation; it is shown in ﬁgure 1(c). In that ﬁgure the instantaneous meridional
circulation (i.e. the azimuthally averaged meridional velocity) is drawn in black. There
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is no sign of polar conﬁnement of the magnetic ﬁeld as predicted by Wood & McIntyre
(2010). The amplitude of the meridional circulation, near the poles, varies from 18 m.s−1
at the base of the convective zone to 0.06 m.s−1 at the base of the tachocline, thus losing
3 orders of magnitude in 0.03 solar radius. Although our tachocline is somewhat too
thick, diﬀusivity values have been selected to approach as much as possible the solar
parameters in such a global 3D simulation.
As the magnetic ﬁeld evolves, it is at the same time advected, sheared and diﬀused
through the tachocline into the convective zone (Fig. 1(d)). Magnetic pumping certainly
exists in the equatorial region, but is not eﬃcient enough to conﬁne the magnetic ﬁeld
there. As seen in ﬁgure 1(b), magnetic ﬁeld lines open into the convective zone. According
to Ferraro’s law, the diﬀerential rotation of the convective zone spreads into the radiative zone through the Maxwell tensor, and it achieves that much faster than if it were
transported solely by thermal diﬀusion.

Figure 1. Meridional snapshots of azimuthal averages of angular velocity (colored background)
and magnetic ﬁeld lines (black); (a) initial ﬁeld conﬁguration, (b) after around 180 convective
turnover times. Figure (c) shows the magnetopause (GM98) at the same epoch, with the instantaneous meridional circulation in black lines. Figure (d) displays a snapshot of magnetic ﬁeld
lines, and of the azimuthal velocity ﬁeld vϕ in colored volume; it illustrates the three-dimensional
character of the penetration into the convection zone of the magnetic ﬁeld.

Our simulations demonstrate that the velocity ﬁeld in the convection zone cannot be
reduced to a steady meridional ﬂow, when the scope is to describe the penetration into
that zone of an interior ﬁeld of fossil origin. Instead of being deﬂected by this laminar
ﬂow, the ﬁeld pervades the whole convection zone, and it imprints the diﬀerential rotation
on the radiation zone. Since this is not observed, we conclude that the magnetic scenario
must be reﬁned. More detailed results are to appear soon (Strugarek et al. (2010)).
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