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ABSTRACT

The current dynamo paradigm for the sun and sun-like stars places the generation site for strong
toroidal magnetic structures in the deep interior. Sun spots and analogous spots on sun-like stars are
believed to be created by sections of these magnetic structures rising from the deep interior to the
photosphere. This transport of magnetic fields in sun-like stars from the seat of the global dynamo
to the upper regions of the convection zone plays a crucial role in many current models of the solar
dynamo. Here we present the first three-dimensional global magnetohydrodynamic (MHD) simulation
where turbulent convection, stratification, and rotation combine to yield a dynamo capable of self-
consistently generating and transporting magnetic flux through the convection zone of a sun-like star
by means of buoyant magnetic loops. Specifically, this simulation of convection and dynamo action in
a spherical shell with solar stratification but rotating three times faster than the current solar rate (as
our sun did when it was younger and as do many solar analogues) produces strong wreaths of toroidal
magnetic field which interact with the convective motions. Some of the regions of strongest magnetic
field in these wreaths can rise via magnetic buoyancy instabilities and advection by convective giant

cells.

1. COUPLING ROTATION, CONVECTION, AND
MAGNETISM IN YOUNGER SUNS

The global solar dynamo which creates sun spots is
likely to require several dynamical processes operating
at various locations in both the solar interior and atmo-
sphere. Turbulent convection coupled with rotation and
stratification produces strong differential rotation in the
solar convection zone (see Elliot et al. 2000; Miesch &
Toomre 2009) as well as amplifying small-scale magnetic
fields. In regions of strong, global shear these small-
scale fields are organized and amplified into large-scale
toroidal structures through the Q-effect. The large-scale
poloidal field is regenerated through what is known as
the a-effect, which may result from small-scale turbulent
correlations in the deep interior or through the reconnec-
tion of tilted magnetic fields in the solar atmosphere, is
less well understood. Portions of the large-scale toroidal
magnetic structures are believed to undergo buoyancy
instabilities and form loops of magnetic field. The loops
then coherently rise through the convective region and
pierce the photosphere, forming active regions. In many
dynamo models, such as the Babcock-Leighton model
(see Charbonneau 2005), the transport of magnetic flux
via buoyant loops is a fundamental aspect of the dynamo
mechanism.

A single numerical simulation that extends from the
deep interior to the solar atmosphere is intractable with
current computational resources. Various simulations
have studied elements of dynamo action in the sun or
sun-like stars. The models of Fan et al. (2003), Ab-
bett et al. (2004), Fan (2008), and Weber et al. (2011)
track the rise of flux tubes from the base of the con-
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vection zone to the top of the simulated domain. In
a similar vein, Jouve & Brun (2009) impose twisted
toroidal magnetic structures on a simulation with estab-
lished convective patterns and solar-like differential ro-
tation and then simulate the rise of magnetic fields as
they interact with, and in some cases suppress, turbu-
lent convection. Local dynamo models rely on an im-
posed shear profile in local Cartesian geometry to drive
dynamo action, which can then create buoyant magnetic
loops, but the shear in these models in not generated
self-consistently by the convection itself; rather it is im-
posed by a prescribed mechanical forcing. Local dynamo
simulations also lack correct global geometry and the
properties of the dynamo are very sensitive to the im-
posed shear profile (e.g. Brummell et al. 2002; Cline
et al. 2003; Cattaneo et al. 2006; Guerrero & Kapyla
2011). Global convective MHD simulations incorporate
the rotating spherical-shell geometry needed to capture
the generation of differential rotation and meridional cir-
culation through Reynolds stresses and anisotropic con-
vective heat transport. Global convective dynamo mod-
els have captured the formation of global-scale magnetic
structures and cycles in solar and rapidly-rotating sun-
like stellar models (e.g., Brown et al. 2010, hereafter B10;
Brown et al. 2011, hereafter B11; Ghizaru et al. 2010),
which have yielded differential rotation, dynamo action,
and large-scale magnetic fields, but not the transport of
buoyant magnetic loops towards the top of the convective
layer.

In this letter we report on a global convective dynamo
simulation of a sun-like star rotating at three times the
solar rate 3y, such as our sun when it was younger.
This simulation is capable of modeling (1) a solar-like
differential rotation profile created by the interplay of
convection, rotation, and stratification, (2) the formation
of global-scale toroidal magnetic structures that undergo
cycles of magnetic activity and reversals of global polar-
ity, and (3) the creation of buoyant magnetic loops from
the strongest portions of the toroidal structures which
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Fic. 1.— (a) Radial velocity in global Mollweide projection near the top of the computational domain with fast, narrow downflows in

dark tones and broad, slower upflows in light tones. (b) Companion Mollweide projection of By at mid-convection zone. Here the strong
effects of turbulent convection are seen in the ragged nature of the wreaths. Several buoyant magnetic loops (see Fig. 3) are generated in
the negative-polarity wreath segment just above the equator and right of image center. (¢) Time-averaged mean rotation profile, showing
faster-rotating equatorial region with slower rotation at higher latitudes. (d) Mean toroidal magentic field at the same time as a and b.

Even though the wreaths appear limited in longitudinal extent they still have strong mean-field signatures.

rise from the base of the convection zone to near the
upper boundary of our simulation. This work extends
the work of B10 in which a simulation at 32y with mod-
erate levels of diffusion was able to accomplish (1) and
(2). The formation of buoyant loops (3) if facilitated
in our current work by a dynamic Smagorinsky subgrid-
scale model (Germano et al. 1991), serve to minimize the
overall levels of diffusion in a simulation at a given spatial
resolution.

2. SIMULATION PARAMETERS AND PROPERTIES

We have conducted 3-D MHD simulations of turbulent
convection and dynamo action in a spherical shell rotat-
ing at 32y, or once every 9.3 days, using the anelastic
spherical harmonic (ASH) code (Clune et al. 1999; Brun
et al. 2004). ASH is a Large-Eddy Simulation (LES)
code that resolves the largest scales of motion and uses a
subgrid-scale (SGS) model to parameterize the effects of
unresolved, small-scale turbulence. The dynamo simula-
tions of B10 and B11 use an SGS model where the turbu-
lent magnetic diffusivity 7; is constant on spherical shells
and in time, and varies only slowly with depth as the in-
verse square-root of the background density. We will call
this SGS treatment the enhanced mean eddy viscosity
model. B10 examined a simulation (labeled case D3) at
3y which exhibited persistent toroidal magnetic struc-
tures, while B11 studied a simulation that achieved cycles
of magnetic activity and global polarity reversals at 5
(labeled case D5). Both simulations had n; ~ 2 x 10'?
cm? /s at mid-convection zone.

Here we present a global ASH dynamo simulation of a
star with solar stratification rotating at 3y which has
its lower boundary at 0.72 of the solar radius Ry and its
upper boundary at 0.97 Ry. This simulation, which we
label case S3, is able to achieve very low levels of vis-
cous, thermal, and magnetic diffusion through the use
of a dynamic Smagorinksy SGS model. The dynamic
Smagorinsky SGS model relies on an assumption of self-
similar behavior in the resolved portion of the inertial
range of scales in a turbulent flow to extrapolate the ef-
fects of unresolved small-scale motions on the resolved
scales. This results in a viscosity vg that varies by or-
ders of magnitude in all three spatial dimensions and in
time, and is determined by the properties of the grid and
the flows, the only free parameter being the so-called test
scale ¢;, which represents the smallest spherical harmonic

degree (largest length scale) in the inertial range. Here
we set {p = /2 = 170. We assume constant ther-
mal and magnetic Prandtl numbers, which in case D3,
D5, and S3 are set to 0.25 and 0.5 respectively, to deter-
mine the thermal and magnetic diffusion coefficents. We
reserve further discussion of the properties of ASH sim-
ulations using the dynamic Smagorinsky SGS model for
a forthcoming paper. In case S3 the dynamic Smagorin-
sky SGS model allows a simulation with 1024 longitudi-
nal, 512 latitudinal, and 193 radial grid points to achieve
a mean magnetic diffusion coefficient at mid-convection
zone of 7j; = 4.8 x 10*° ¢cm? /s. This reduction in diffusion
by a factor of about 40 from case D3 is critical for the
formation and coherent rise of buoyant magnetic loops.

Case S3 exhibits highly turbulent convective patterns
shown in Figure (1a) which are largely vortical at high
latitudes and aligned with the rotation axis near the
equator. The convection builds and maintains a strong
differential rotation that is prograde at the equator and
retrograde at mid- to high-latitudes (Fig. 1c). This
strong, organized shear drives the creation of toroidal
magnetic structures at low-latitudes in each hemisphere
through the Q-effect, as demonstrated in B10. Here,
however, the increased levels of turbulence limit the mag-
netic wreaths to smaller longitudinal extents, as shown in
Figure (1b), while still maintaining a strong signature in
the azimuthally-averaged toroidal field (By)4 (Fig. 1d).

In addition to creating strong magnetic structures near
the base of the convective region, case S3 also undergoes
cycles of magnetic activity and reversals of global mag-
netic polarity similar to those described in case D5 in
B11. Because of the large computational cost of the dy-
namic Smagorinsky SGS model, case S3 was started us-
ing a descendent of case D3 (which we call case D3b) as
initial conditions (see Nelson et al. 2010). Case D3b uses
the enhanced mean eddy diffusion model used in cases
D3 and D5, but at higher resolution and correspond-
ing lower levels of diffusion (1, = 8.9 x 10'* cm?/s at
mid-convection zone) while holding all other parameters
constant. The temporal evolution of the hemispherically-
averaged toroidal magnetic field (By) in case D3b over
roughly 5000 days is shown in the upper panel of Fig-
ure (2), demonstrating the irregular cycles this model
yields. Case S3 continues this behavior over roughly 1300
simulated days. The temporal evolution of (B) in case
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F1G. 2.— Volume-averaged toroidal magnetic field in each hemi-
sphere of the case D3b over nearly 6000 days (top panel) and of
case S3 over about 800 days (bottom panel). Case S3 began using
case D3b at time ¢ (indicated by dotted line) as initial conditions.
Case S3 continues the cyclic behavior of its progenitor, but is addi-
tionally capable of producing buoyant loops. The creation of loops
which reach or exceed 0.90R( are indicated by tick marks in the
lower panel.

S3 is shown in the lower panel of Figure (2), revealing two
reversals of global magnetic polarity. Similar reversals
are seen when examining the hemispherically-averaged
poloidal field, the dipole moment, and the polarity of
the strongest toroidal structure in each hemisphere.

For the purposes of this paper, we will discuss only
buoyant magnetic structures which coherently rise above
0.90Ry while remaining connected to the large-scale
toroidal wreaths. We have identified nine buoyant mag-
netic loops which meet this definition which are indicated
as hash marks on the bottom panel of Figure (2). Eight
loops are seen in the northern hemisphere and one is seen
in the southern hemisphere.

3. BUOYANT MAGNETIC LOOPS

Buoyant magnetic loops begin as the cores of strong
toroidal magnetic wreaths which are created near the
base of the simulated domain. While these wreaths have
strong (By)s components that peak around 5 kG, they
are generally not axisymmetric structures in case S3.
This is a change from the largely axisymmetric wreaths
seen in case D3 at 3y with persistent wreaths (B10) or
case D5 at 5Qy with wreaths that undergo cyclic rever-
sals in magnetic polarity (B11). In case S3 the wreaths
are strong, coherent structures over as little as 60° to
as much as 300° of longitude. For example, Figure (1b)
shows a negative polarity wreath in the northern hemi-
sphere spanning 95° in longitude while a positive polarity
wreath in the southern hemisphere extends over nearly
270° in longitude. The longitudinal sizes of the wreaths
vary over the magnetic activity cycle, but generally the

wreaths are longest near cycle maximum. If we define the
wreaths as contiguous volumes with |Bg| > 4 kG then
we can compute geometric properties of the wreaths in
latitude and radius at cycle maximum. Averaging over
the four instances simulated in this fashion, we find that
the wreaths extend between equator and +15° of latitude
and between the bottom boundary at 0.72Ry and 0.86 Ry.
If we take an average weighed by magnetic field strength,
we find that the mean center of the wreaths is located
at £7° latitude and 0.755Ry in radius. On average the
wreaths cover 26% of the cross-sectional area in the do-
main between the equator and +30° latitude. The aver-
age magnetic field strength in the wreaths starts at 12.7
kG at the base of the domain, decreases linearly moving
upward in radius to 4.6 kG at 0.75Ry, and is roughly
constant until the top of the wreath is nearly reached at
0.85Ry. Above that the average magnetic field strength
again decreases linearly to below the cut-off value of 4
kG at 0.86Ry.

As demonstrated in cases D3 (B10) and D5 (B11), the
wreaths are highly non-uniform and display strong in-
ternal variation as well as a high degree of connectivity
with the rest of the domain. Magnetic field lines regularly
leave and enter the wreaths. Portions of the wreaths can
have significantly higher field strengths and some por-
tions show enhanced organization of field lines. In case
S3 portions of the wreaths covering between 20° and 80°
of longitude can have coherent cores where By can reg-
ularly exceed 30 kG and reach values as high as 45 kG.
In these cores, bundles of magnetic field lines show very
little local connectivity with the rest of the domain or
even the other potions of the wreath. As (B,) increases,
both the longitudinal extent and peak By values of these
coherent cores increase. A single wreath of a given po-
larity may not form a coherent core at all or may have
more than one core, and a single core may produce mul-
tiple buoyant loops. Of the nine buoyant loops investi-
gated here to extend past 0.90Rg, one coherent core pro-
duces four buoyant loops, another produces three, and
two more cores each yield a single buoyant loop.

Some, but not all, of the coherent wreath cores can be-
come what we term buoyant magnetic loop progenitors
or proto-loops. In these proto-loops the ratio of mag-
netic to kinetic energy densities regularly exceeds 100,
resulting in highly suppressed convective motions from
strong Lorentz forces. Without strong, small-scale advec-
tion and turbulent mixing, the proto-loops become even
stronger and more organized under the presence of large-
scale shear from the differential rotation. When magnetic
field strengths approach 45 kG the proto-loops become
under-dense as magnetic pressure displaces fluid pres-
sure, causing buoyant acceleration. As the proto-loop
rises its magnetic field quickly weakens down to about
20 kG due to expansion and diffusion. After rising 2% to
3% of the solar radius, the proto-loop can enter a region
where strong convective giant cells are present. These
flows advect portions of the proto-loop downward at cell
edges and upward in the core of the giant cells. The rise
of the top of a magnetic loop is shown in cross-section
by sampling By roughly every 2 days in Figure (3a).

One way to track these buoyant loops is to use 3-D
tracings of magnetic field lines. In our simulations with
finite resistivity, individual field lines do not maintain
their identity over time, however one can achieve some
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F1G. 3.— (a) 2-D cuts in longitude at sucussive times as indicated showing toroidal magnetic field over radius and latitude. The rising

magnetic loop is seen in cross-section starting at 0.81Rp at ¢ = 0 days and rising to 0.91 Ry after roughly 15 days. A second loop is also
seen rising starting at 8.6 days, however the top of this second loop never rises above 0.88Rg. (b) 3-D visualization of magnetic field lines
in the core of a wreath which produces four loops (two shown here) at day 14.6 (rightmost panel of a, rightmost symbol of ¢, Figs. la-b).
Perspective is looking down along the rotation axis towards the equatorial plane. The right loop is the upper loop in a and “Loop A”
in ¢. Coloring indicates ‘B’ |. Dashed lines indicate radial position. Dotted line shows the cutting plane used in the left-most panel of
a. The loops remain coherently connected to the very strong (= 40 kG) fields which are pinned near the base of the convective zone by
fast downflows. (c¢) Radial location of the top of a buoyant loop as a function of time, along with the movement due purely to magnetic

buoyancy (red lines) and advection by convective upflows blue lines).

measure of consistency when moving in time by tracking
bundles of magnetic field lines. We assume that the very
strong fields at the bottom of the loops near the base
of the domain maintain their identities in time and so
we randomly seed large numbers (here we use 1000) field
lines in those strong footpoints at each time step. Thus
while any given field line may not maintain its identity
between time steps, the average over many field lines
approximately does. Figure (3b) shows 3-D renderings
of magnetic fields lines for two sample loops near the
peak of their rise. Similar field line tracings have been
studied at various times during the rise of these loops.
At maximum size the magnetic loops extend from
0.73Rp to 0.93Ry. The magnetic fields exceed 30 kG
at the base of the loops near 0.72Ry but become much
weaker near the tops of the loops, with field strengths as
low as 5 kG. The loops are embedded in the much larger
wreaths which have an average cross-sectional area of
13800 Mm?2. The cross-sectional area of the loop shown
in Figures (3a-c) is 120.2 Mm? at the starts of its rise
at 0.795R, and 520.0 Mm? at its peak radial position of
0.927Ry. Accounting for the continued expansion that

would likely occur if this loop were able to continue rising,
the cross-sectional area is reasonable compared with the
typical area of a large sunspot at the photosphere, which
is roughly 2500 Mm? (Zwaan 1987). If the loop’s rise
were adiabatic, the cross-sectional area should change in
inverse proportion to the change in background pressure,
which decreases by a factor of 17.1, rather than the ob-
served expansion by a factor of 4.3. The top of the loop
must then have a net outflow of either heat or mate-
rial in order to avoid expanding adiabatically. The loops
show a measurable deficit in density and thermodynamic
pressure relative to their surroundings, but they do not
present any signature in temperature or entropy. This
indicates that they are thermally “leaky” and able to
equilibrate with their surroundings quickly compared to
the timescale for radial motion. This is interesting since
a simple estimate of the diffusion time across one of these
structures at mid-convection zone is on the order of 50
days, implying that there is a divergent flow at the top
of the loop, moving fluid along field lines.

Once a loop has begun to rise, its radial motion is
dominated by advection and magnetic buoyancy. Fig-
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ure (3c) illustrates the rise of a sample magnetic loop
while also indicating the components of the motion due
to advection and magnetic buoyancy. To compare mo-
tion due to magnetic buoyancy, we integrate the magnet-
ically buoyant acceleration over time between the times
sampled in Fig. (3c) (time intervals of approximately 2
days) to compute an average velocity at each time due
to magnetic buoyancy. The advective velocity is simply
the volume-averaged velocity of the surrounding fluid.
Initially the sample proto-loop experiences an upward
velocity due to magnetic buoyancy of 46.1 m s~! com-
pared to a downward motion of the surrounding fluid at
an average rate of -10.8 m s~!. After 3 days of move-
ment dominated by magnetic buoyancy, the loop gets
caught up in a convective updraft and the velocity of the
surrounding fluid becomes larger than the velocity from
buoyant acceleration. Even though advective motions
dominate, magnetic buoyancy continues to drive upward
motion of between 22.2 and 34.9 m s~! relative the sur-
rounding fluid. Thus, magnetic buoyancy and convection
work in concert to promote the rise of the loop. Contin-
ued buoyant acceleration as the magnetic pressure weak-
ens is achieved by the density perturbation of the loop
falling off at roughly the same rate as the background
density stratification. Once the top of the loop has en-
tered the main convective upflow it experiences advection
at between 45.1 and 66.4 m s~! until 11.5 days when the
upflow begins to slow, reaching 7.0 m s~! at 14.6 days.
The presence of strong magnetic buoyancy forces allow
this loop to rise in 14.6 days while the average upflow
traverses the same distance in 21.7 days and magnetic
buoyancy alone would require 30.6 days.

Additional accelerations are present but not plotted,
including thermal buoyancy, which is significant early in
the rise of the loop, and magnetic tension, which is of the
same order of magnitude as the advective motion near
maximum radial extent at 14.6 days. Thermal buoyancy
is distinguished from magnetic buoyancy by averaging
over the convective updraft but excluding regions with
magnetic fields stronger than 4 kG. The downward force
of magnetic tension may play in role preventing any
additional upward motion. In the first several days
magnetic diffusion also produces an apparent upward
motion as magnetic fields in the center of the wreath
diffuse upward. An additional apparent motion at early
times is produced as much of the toroidal magnetic field
used to track the loops is converted to radial magnetic
field in the sides of the loops. Throughout the rise of
the loop, however, magnetic buoyancy and advection
play dominant roles. Because advection plays a crucial
role in the transport of these loops of magnetic field the
size scale of the loops is set by the size of the convective
giant cells. The nine loops studied here have an average
size of 15.4° in longitude when measuring across the
bottom of the loop while the average distance between
convective downflows in the equatorial region is 16.4° in
longitude. Similar dynamics are observed in thin flux
tubes subject to a background convective flow (Weber
et al. 2011).

In this paper we have presented a 3-D MHD simulation
that combines turbulent convection, rotation, and strat-
ification to produce solar-like differential rotation and
large-scale toroidal magnetic structures at the base of the

convection zone which undergo cycles of magnetic activ-
ity and reversals of global magnetic polarity. Most no-
tably these also exhibit buoyant magnetic loops capable
of coherently traversing much of the convective layer. To
our knowledge, this is the first convection simulation to
spontaneously produce buoyant magnetic loops by means
of rotational shear that is established and maintained by
the convection itself. These buoyant loops which appear
at cycle maximum can have toroidal field strengths of
45 kG at their base and 5 kG at their top. Their size
scales are set by the size of the convective giant cells and
they have cross-sectional areas at 0.90Ry that are rea-
sonable compared to the sizes of large sunspots. These
buoyant magnetic loops are an essential step toward uni-
fying numerical models of convective dynamos and flux
emergence.
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