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t . x Co n e
A hypothesis for sunspot formation is the buoyant emergence of magnetic ux tubes created by the strong radial shear at
the tachocline. In this scenario, the magnetic eld has to ex ceed a threshold value before it becomes buoyant and emerges through the
whole convection zone.
. Ais m
We follow the evolution of a random seed magnetic eld with th e aim of study under what conditions it is possible to excite
the dynamo instability and whether the dynamo generated magnetic eld becomes buoyantly unstable and emerges to the sur face as
expected in the ux-tube context.
e M t h. o d s
We perform numerical simulations of compressible turbulent convection that include a vertical shear layer. Like the solar
tachocline, the shear is located at the interface between convective and stable layers.
. Re u s l t
We nd that shear and convection are able to amplify the initi al magnetic eld and form large-scale elongated magnetic
structures. The magnetic eld strength depends on several p arameters such as the shear amplitude, the thickness and location of the
shear layer, and the magnetic Reynolds number (Rm ). Models with deeper and thicker tachoclines allow longer storage and are more
favorable for generating a mean magnetic eld. Models with h igher Rm grow faster but saturate at slightly lower levels. Whenever
the toroidal magnetic eld reaches amplitudes greater a thr eshold value which is close to the equipartition value, it becomes buoyant
and rises into the convection zone where it expands and forms mushroom shape structures. Some events of emergence, i.e. those with
the largest amplitudes of the initial eld, are able to reach the very uppermost layers of the domain. These episodes are able to modify
the convective pattern forming either broader convection cells or convective eddies elongated in the direction of the eld. However,
in none of these events the eld preserves its initial struct ure. The back-reaction of the magnetic eld on the uid is als o observed in
lower values of the turbulent velocity and in perturbations of approximately three per cent on the shear prole.
C o n l c u .i s
The results indicate that buoyancy is a common phenomena when the magnetic eld is amplied through dynamo
action in a narrow layer. It is, however, very hard for the el d to rise up to the surface without losing its initial coherence.
y e K d s o. r w
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1 . o d u c i nt rI
Sunspots appear at the solar surface following a 11-year cycle.
They reveal the presence of strong magnetic elds in the sola r
interior, and suggest the existence of a dynamo process governing its evolution. However, the process by which sunspots
are formed is still unknown. At the solar surface, sunspots are
observed as bipolar patches of radial magnetic eld. This in tuitively suggest that they are formed by the emergence of horizontal concentrations of magnetic eld lines, often called mag netic
ux tubes. Since Parker’s original proposal of magnetic buo yancy (Parker 1955), the model has evolved through the thin u x
tube approximation (Spruit 1981), to numerical simulations of
the emergence of 3D magnetic ux tubes (Fan 2008). The buoyant rise of ux tubes from the tachocline up to the surface is
currently the most widely accepted mechanism of sunspot formation. During the last three decades much work has been done
in order to understand the buoyancy phenomena and to reconcile
the results of ux tube models with phenomenological sunspo ts
rules such as the Joy’s law or the topological difference between
the two spots in a pair. In spite of the fact that these basic observations have been qualitatively reproduced by the ux tu be
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models, a set of complications have questioned the feasibility of
this scenario. These may be summarized as follows:
1. Magnetic ux tubes at the base of the convection zone shoul d
have a strength of around 105 G in order to become unstable and then cross the entire convection zone up to the surface (Caligari et al. 1995). This has been considered a problem since the magnetic energy density corresponding to such
eld is one to two orders of magnitude larger than the kinetic
energy of the turbulent motions (the equipartition energy).
Note, however, that in the presence of shear this is not any
longer an upper limit for the amplitude of the magnetic eld
(see e.g. K¤apyl¤a & Brandenburg 2009).
2. Sunspots are coherent magnetic structures which means that
the ux tubes should preserve their integrity while they ris e
through the entire convection zone. However, this region is
highly turbulent and stratied, spanning more than 20 pressure scale heights, so in addition to the 105 G strength, the
tubes must have a certain amount of twist in order to resist
the turbulent diffusion (see e.g. Emonet & Moreno-Insertis
1998; Fan et al. 2003). The current results do not conclusively yield the amount of twist required for the tubes
to rise coherently up to the surface. On one hand, 2D
simulations require a larger twist in order to prevent the
fragmentation of the ux tube in two tubes due to the
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vorticity generated by the buoyant rise (Sch¤ussler 1979;
Moreno-Insertis & Emonet 1996; Longcope et al. 1996;
Emonet & Moreno-Insertis 1998; Fan et al. 1998). On the
other hand, rising 3D ux tubes require less twist thanks to
the tension forces due to the longitudinal curvature of the
tube (Fan 2001). Three dimensional simulations in spherical coordinates require ne tuning of the initial twist for t he
tubes to emerge to the surface with the observed tilt (Fan
2008).
3. MHD simulations of convection in Cartesian coordinates
have been able to produce large-scale magnetic elds
through 2 (K¤apyl¤a et al. 2009b) and
(K¤apyl¤a et al.
2008) dynamo action. However, the magnetic elds generated on these simulations are more homogeneously distributed in space rather than in the form of isolated magnetic structures. To the date, however, no direct simulations
have been able to spontaneously form sunspot-like magnetic
structures.
4. Furthermore, instead of showing signs of buoyant rise and
emergence of the magnetic eld, the 3D dynamo simulations
above have shown that the magnetic eld is pumped down
by convective downows and tends to remain in the stable
layer (see also Tobias et al. 1998, 2001; Ossendrijver et al.
2002). Fan et al. (2003) studied the evolution of an isolated
ux tube in a turbulent convection zone. They found that coherent rise is possible as far as the magnetic buoyant force
overcomes the hydrodynamic force from convection, i.e.,
obeying the condition B 0 > (H P =a ) 1 2 B eq , where B 0 is
the initial magnetic eld strength, H P is the pressure scale
height, and a is the radius of the tube. In their case where
(H P =a ) 1 2
3, magnetic ux tubes with B 0
3B eq are
able to rise coherently without being affected by convection.
Similar results were found in a similar setup in spherical geometry (Jouve & Brun 2009). However, this does not address
the issue with the pumping since, rstly, a strong magnetic
ux tube is imposed on the convective layer, and secondly,
magnetic pumping is an effect related with the gradient of
turbulence intensity (Kichatinov & R¤udiger 1992), which is
not present in these simulations.
In addition to the thin ux tube approximation and simulations of rising ux tubes on stratied atmospheres, other recent attempts have been made in order to simulate the formation of a magnetic layer through the interaction of an imposed
shear in convectively stable (Vasil & Brummell 2008) and unstable (Silvers et al. 2009a) atmospheres, with an imposed vertical
magnetic eld. They have found that, unlike in the cases of im posed toroidal magnetic layers, buoyancy instability is harder
to excite when the magnetic eld is generated by the shear.
More recently Silvers et al. (2009b), have found, with a similar setup, that the buoyancy may be favored by the presence
of double-diffusive instabilities (these in turn depend on the ratio between the thermal and magnetic diffusivities, =
, often
known as the inverse Roberts number). Later independent study
of Chatterjee et al. (2010) has conrmed this result. Howeve r,
in most of the current models, the presence of stratied turb ulence, self-consistent generation of the magnetic eld, or both,
are omitted.
In view of the above mentioned issues, other mechanisms
have been proposed in order to explain sunspots. These are
related to instabilities due to the presence of a diffuse largescale magnetic eld in a highly stratied turbulent medium
(Kleeorin & Rogachevskii 1994; Rogachevskii & Kleeorin
2007; Brandenburg et al. 2010a,b). Mean-eld models using
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this mechanism are able to produce strong ux concentrations but this has not yet been achieved in direct numerical
simulations.
Here we present numerical simulations of compressible turbulent convection with an imposed radial shear ow located
in a sub-adiabatic layer beneath the convective region. For numerical reasons, explained below, we do not include rotation
in our setup, i.e. the turbulence is not helical, and an
dynamo is not expected. Nevertheless, recent studies have shown
that mean-eld dynamo action is possible due to non-helical turbulence and shear (Brandenburg 2005a; Yousef et al. 2008a,b;
Brandenburg et al. 2008). The nature of this dynamo is not yet
entirely clear and may be attributed to the so called shearcurrent effect (Rogachevskii & Kleeorin 2003, 2004) or to the
incoherent, stochastic, -effect (Vishniac & Brandenburg 1997).
According to (Brandenburg et al. 2008) the latter explanation is
consistent with the turbulent transport coefcients.
Based on these results, we expect the development of a mean
eld magnetic eld, i.e. dynamo action, with a system that mi mics, as far as possible, the conditions of the solar interior, specically in the lower part of the convection zone and the tachocline.
As the shear is localized in a very narrow layer, we also expect
the formation of a magnetic layer and the subsequent buoyancy
of the magnetic elds.
A similar setup was studied recently by Tobias et al. (2008).
They reported the appearance of elongated stripes of magnetic
eld in the direction of the shear. However, since they consi dered
the Boussinesq approximation in their simulations, no buoyancy
was observed. They also do not report the presence of a large
scale dynamo.
Two important features distinguish the simulations presented
here from previous studies in the context of ux tube formati on
and emergence. Firstly, we consider a highly stratied doma in
with 8 scale heights in pressure and 6 scale heights in density. Secondly, we do not impose a background radial magnetic
eld but allow the self-consistent development of the eld f rom
a initial random seed.
Even though this is a complicated setup where it is difcult
to analyze the different processes occurring independently, we
believe that these simulations may give us some light on the
current paradigm of sunspot formation. There are several important issues that we want to address with the following simulations. (1) What are requirements for dynamo action in the
present setup? This includes the dependence of the dynamo excitation on several parameters such as the amplitude of the shear,
thickness and location of the shear layer, and the aspect ratio of
the box. (2) What is the resulting conguration of the magnet ic
eld? In particular, whether the eld is predominantly in sm all
or large scales, and whether it is organized in the form of a magnetic layer or isolated magnetic ux tubes. (3) Is the buoyan cy
instability (Parker 1955) operating on these magnetic structures?
If yes, (4) how it depends on the parameters listed above? (5) Is
it possible to have magnetic structures strong enough to emerge
from the shear layer to the surface without being affected by the
turbulent convective motions? (6) Finally, it is important to study
how these strong structures back-react on the uid motions, including the shear prole as well as the convective pattern.
Another important issue that may be addressed in this context is the mechanism that triggers the dynamo instability. With
the recent developments on the test-eld method, it is possi bly
to compute the dynamo transport coefcients and have a bette r
understanding on the underlying mechanism.
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We have organized this paper as follow: in Sect. 2 we provide
the details of the numerical model, in Sect. 3 we describe our
results. We summarize and conclude in Sect. 4.

2 . T h e mo d e l
Our model setup is similar to that used by e.g. Brandenburg et al.
(1996) and K¤apyl¤a et al. (2008). A rectangular portion of astar
is modeled by a box whose dimensions are (L ; L ; L ) =
(4; 4; 2) d

