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ABSTRACT

We study the in uence of a dynamo magnetic eld on the buoyant rise and emergence of twisted magnetic ux ropes
and their in uence on the global external magnetic eld. We ran three-dimensional MHD numerical simulations
using the ASH code (anelastic spherical harmonics) and analyzed the dynamical evolution of such buoyant ux
ropes from the bottom of the convection zone until the post-emergence phases. The global nature of this model
can only very crudely and inaccurately represent the local dynamics of the buoyant rise of the implanted magnetic
structure, but nonetheless allows us to study the in uence of global effects, such as self-consistently generated
differential rotation and meridional circulation, and of Coriolis forces. Although motivated by the solar context, this
model cannot be thought of as a realistic model of the rise of magnetic structures and their emergence in the Sun,
where the local dynamics are completely different. The properties of initial phases of the buoyant rise are determined
essentially by the ux-rope’s properties and the convective ows and consequently are in good agreement with
previous studies. However, the effects of the interaction of the background dynamo eld become increasingly strong
as the ux ropes evolve. During the buoyant rise across the convection zone, the ux-rope’s magnetic eld strength
scales a8 , with 1. An increase of radial velocity, density, and current density is observed to precede
ux emergence at all longitudes. The geometry, latitude, and relative orientation of the ux ropes with respect
to the background magnetic eld in uences the resulting rise speeds, zonal ow amplitudes (which develop within
the uxropes), and the corresponding surface signatures. This in uences the morphology, duration and amplitude of
the surface shearing, and the Poynting ux associated with magnetic ux-rope emergence. The emerged magnetic
ux in uences the system’s global polarity, leading in some cases to a polarity reversal while inhibiting the
background dynamo from doing so in others. The emerged magnetic ux is slowly advected poleward while being
diffused and assimilated by the background dynamo eld.

Key words: Sun: dynamo — Sun: interior — Sun: surface magnetism
Online-only material:color gures

1. INTRODUCTION localized magnetic ux emergence is in uenced by the Iarge—_
scale magnetic eld structure. Emergence events feed magnetic
It is well known that the Sun undergoes recurrent phases of ux into the corona and may lead to important recon gurations
intense magnetic activity. The most visible signature of mag- of its magnetic eld, either in a quasi-steady or in an impulsive
netic activity is the presence of sunspots and active regionsway (e.g., Liu et al2012. Conversely, the triggering of ares
(ARs). These correspond to particularly strong concentrations(or even coronal mass ejections) depends to a certain extent on
of magnetic eld that cross the surface of the Sun as a conse-the interaction of AR magnetic elds with their surroundings,
guence of the underlying magnetoconvective dynamics and thenamely on the orientation and gradients of the coronal eld (Shi-
ux-emergence phenomenain combination. Flux emergence oc-bata et al1989 Forbes200Q Kusano et al2012. RecentSDO
curs, nevertheless, at a very broad range of spatial and temporalSolar Dynamics Observatorpbservations indicate that ux
scales, with the sunspots contributing to only a fraction of the to- emergence in one location can indeed trigger eruptive events in
tal photospheric magnetic ux (Schrijver et d997). The ARs very distant parts of the solar surface (Schrijver & TRI&LJ).
are often composed of a mixture of large (unipolar) spots and This emphasizes the idea that some of the physical processes
small-scale polarities, which have a broad distribution of life- relating to ux emergence are global in nature. The causal link
times ranging from days up to two solar rotation periods. During between such seemingly independent events remains illusive
this period of time, they are observed to rotate and have theirand calls for the use of global-scale analysis.
main polarity pairs separate, giving rise to more complex and The Sun has been going through its activity cycle for
dynamic polarity distributions. These magnetic structures arethousands of years, as revealed, for instance, by the modulation
believed to be the surface tracers of twisted magnetic ux ropes of the1°Be concentration in Earth’s polar ice cores (Beer et al.
generated further below (at the tachocline) that rise buoyantly up1998. These cycles show a quasi-regular 11 yr period (22 if one
to the surface. They then emerge (at least partially) through thedistinguishes between opposite polarities of the Sun’s global
photosphere and provide the strong and coherent magnetic eldmagnetic eld), with the rising phase taking a shorter period
structures composing the solar AR, which are prone to host erup-of time than the decaying phase (DeRosa eRall?. There
tive events in the solar corona. Such events are likely to involve are some cycle-to-cycle variations (duration and intensity). For
the surface convection, coronal dynamics, ux rope, and coro- example, cycle 23 was longer than usual, with several months of
nal magnetic ux. Furthermore, it is now becoming clear that unspotted solar surface between 2007 and 2009. Large sunspots
and complex ARs are now regularly appearing as cycle 24

1 Now at LESIA, Observatoire de Paris, 5, Place Jules Janssen 92195 becomes stronger. Sunspots appearing more frequently during
Meudon, France the rising phase of the cycle and at the activity maximum
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contribute to the renewal of the coronal eld and the global the buoyant rise time needs to be considerably shorter than the
polarity reversal (Leightod969 Wang & Sheeley1991). diffusive timescales). The limits of the global approach can, in
Understanding the physics behind this wealth of inter-related principle, be explored in more detail by resorting to local setups
phenomena certainly is a challenging affair. Numerical MHD reaching higher spatial resolutions and hence higher Reynolds
simulations have been employed recurrently as a tool to modelnumbers (e.g., Hughes & FallE998. But these cannot cap-
different aspects of the general ux-rope rise and emergenceture the effects of the large-scale ows on the trajectories of
problem. The buoyant twisted ux ropes are generally believed such ux ropes, nor can they self-consistently quantify the an-
to arise from the tachocline (or nearby) as a result of hydro- gular momentum transport phenomena related to the rise of
magnetic instabilities taking place there. These have been studsuch coherent and presumably self-connected structures. The
ied using mostly numerical models with local setups aiming different approaches brie y listed in this paragraph are com-
speci cally to resolve as much as possible the small-scale pro-plementary and supply different pieces of the puzzle. There are
cesses involved. A remarkable exception is the work by Nelsontwo main options: (1) study local models that embed a large-
et al. 011, 2013, who were able to produce self-consistently scale magnetic structure in a highly turbulent ow; or (2) study
several buoyant toroidal structures that developed into omegaglobal models that embed a large-scale magnetic structure in
loops in a fast-rotating convection zone (three times the so-a large-scale, laminar (or weakly turbulent) ow. In the for-
lar rotation rate). Their breakthrough relied partly on the im- mer, the magnetic structures feel a more realistic (relative to the
plementation of a numerical spatial scheme for the diffusive solar case) bombardment by small-scale turbulence, but the dis-
terms that allowed them to arti cially reach substantially higher advantage is that self-consistent large-scale uid motions and
Reynolds and magnetic Reynolds numbers than they could havdarge-scale background magnetic elds are omitted (although
otherwise. non-self-consistent versions could be added, e.g., D206R).
Kinematic dynamo models (e.g., Cameron & 8s$ler2007, The latter has the advantage that such large-scale effects can be
Jouve et al2008 have been shown to be able to reproduce included self-consistently. However, the numerical restrictions
the long timescale properties of the global magnetic elds (the that the global geometry imposes only allow the study of the
“butter y diagram,” Jouve & Brun2007 Charbonnea2010 rise of the magnetic structure in a laminar or weakly turbulent
and predict, to some extent, the latitudes and times of sunspotow, where magnetic structure and velocity scales are compara-
formation (kk et al. 2011, Nandy et al.2011, Cameron & ble and diffusion, advection, and transport times are all similar,
Schissler2007, 2012, but without accounting for the detailed thereby simulating a completely different problem from that en-
magnetoconvective dynamics. countered in the solar situation. We deliberately chose the latter
The study of the late phases of the buoyant rise and emergenception, as did Jouve & Brur2009, to which this paper is meant
of magnetic ux ropes has also resorted mostly to local high- to be compared.
resolution settings (e.g., Archontis & Ho@01Q Aulanier et al. Jouve & Brun 2009 hereafter JB09) speci cally considered
2005 Cheung et al2009 Linton et al.1996 Archontis et al. the in uence of the global convective dynamics on the evolution
2005 Cheung et al.201Q Hood & Priest 1979 Komm of nite-width buoyant magnetic ux ropes. They performed a
etal.2011, Galsgaard & Nordlund997 Martnez-Sykoraetal.  series of simulations of individual twisted magnetic ux ropes
2008 2009. These studies use simulation domains that typi- inside a spherical convection zone possessing both large-scale
cally span a few megameters above and below the photospheremean ows (e.g., solar-like differential rotation and meridional
Such simulations attempt to describe the very strongly strati ed circulation) and fully developed hydrodynamical convection.
photospheric layers as nely as possible, which justi es in most They found that indeed latitudinal and longitudinal modulation
cases the use of high-resolution local simulation domains. Oneof convective patterns and large-scale ows have a direct
or multiple buoyant twisted magnetic ux ropes are introduced in uence on the ux emergence of toroidal magnetic structures
near the lower boundary (typically a few megameters below the that are below & 7 Beg 4 x 10°G, whereBeq has been
surface) and evolve in more or less turbulent media until they evaluated by computing the kinetic energy (KE) of the strongest
emerge. For a more detailed discussion of local ux emergence,down ows. Above such a threshold, the structures tend to rise
see the review by Far2009. Some of these works have been and emerge almost as if they were embedded in a purely
very successful at reproducing features observed at the surfacéentropic layer. In such global-scale convective simulations,
of the Sun, but neglect (or strongly simplify) the constraints the differential rotation was also found to in uence the rise
imposed by the large-scale dynamics. The global backgroundtrajectory of the ux ropes. As in Wissink et al2Q00 and
dynamo and magnetoconvective processes at the origin of theAbbett et al. 2001, the inertial (Coriolis) forces due to the
large-scale meridional and zonal ows cannot be fully taken ux-rope displacement have an azimuthal component and a
into account by this type of model. (secondary) component pointing toward the rotation axis, which
The properties of the buoyant rise of magnetic ux ropes opposes the buoyant force (reducing its radial rise speed) and
down from their assumed generation site up to the surface ofpushes the ux rope poleward. 1dB09 the amplitude of
the Sun require, to some extent, the use of global models of thethis effect depends on the latitude at which the ux ropes
convective zone. Studies based on the thin ux-tube approxima- are initially placed, and more speci cally on the differential
tion (Weber et al2011, 2012 among many others) allow one rotation pro le at that latitude. They found that a solar-like
to follow the evolution of slowly buoyant tubes for very long background differential rotation makes ux-rope emergence
timescales at the expense of neglecting all sources of magnetienore dif cult at low latitudes. They further con rmed the
or dynamical erosion caused by the background ows. Global existence of thresholds for the amount of twist and initial eld
simulations resorting to nite-width magnetic ux ropes, con- amplitude to obtain a radial rise of uniformly buoyant magnetic
versely, can take into account the interaction between the tubestructures.
and the background convective motions and associated mean The goal of this paper is to continue this effort by studying the
ows. They are nevertheless restricted to moderate Reynoldsevolution of twisted magnetic ux ropes in a fully magnetized
numbers and to the study of suf ciently strong ux ropes (as three-dimensional convection zone with a background magnetic
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eld generated self-consistently by dynamo processes. We will

thus focus on the large-scale effects rather than the small- —=S = = _ — —

scale turbulent processes involved. We introduce such twisted t *Tve (S+9= [rCp (T+T)
structures at the bottom of a magnetized turbulent convection - — .2

zone and let it evolve for a long period of time—a few times +o9T S+ T S+ =

longer than that of the buoyant rise timescale. This allows 1

us to investigate whether and by what means the background +27 g g [S :_g( -v)2 , (4)

magnetic eld has an in uence on the evolution of the coherent

magnetic ux ropes. We note that while it might have been easier

to impose a simpler steady global magnetic background eld B 5
(as in Dorch2007), we believe that only a time-varying multi- —=x (vxB)S x ( x B), (5)
scale eld as developed by dynamo action properly captures t

the dynamics involved in the issues we address here. We a|SCWherecp is the speci c heat at constant presswre, (V;,V ,V )
address the importance of the buoyant rise and emergences the local velocity in spherical geometry in the rotating frame
of such ux ropes on the global energy and magnetic ux of constant angular velocityo = ¢&,B = B;,B ,B is
budgets. Furthermore, we explore whether surface diagnosticshe magnetic eld; = + % Bisthe current density is the
(evaluated at the top of the numerical domain), which precede gravitational acceleration, is the radiative diffusivity, and

and accompany the emergence of magnetic ux ropes, depends the viscous stress tensor with components
onthe properties of the background eld (Wang & Shedleg1;

- ; o 1
ggggjlver & DeRo0sa2003 Is k et al. 2011 Benevolenskaya D =52 g S §( W (©)

The remainder of this manuscript is organized as follows:
Section2 describes the model equations and numerical setupwhere g; is the strain rate tensor. As mentioned above, the
and discusses the parameter space explored and the scop&SH code uses an LES formulation where , and are
and limitations of our model. Sectiod describes the early —assumed to be, respectively, an effective eddy viscosity, an eddy
phases of the evolution of the twisted ux ropes (namely, diffusivity, and a magnetic diffusivity (chosen to accommodate
the buoyant rise through the convection zone, CZ), Section the resolution) that represent unresolved SGS processes. The
describes the ux-emergence phases, Secfioh describes  thermal diffusion o acting on the mean entropy gradient
the later phases (post-emergence and re-assimilation), ang@ccupies a narrow region in the upper convection zone. Its
Section5.2 discusses the consequences of the ux-emergencepurpose is to transport heat through the outer surface where
episodes in the corona. A general discussion follows in radial convective motions vanish (Gilman & Glatzmal®81,
Section6. Wong & Lilly 1994. To close the set of equations, linearized

relations for the thermodynamic uctuations are taken as

2. MODEL SETUP

S
2.1. Anelastic MHD Equations

P .
= __3
P

0|
= -

(7)

The simulations described here were performed with the This assumes the ideal gas law
anelastic spherical harmonic (ASH) code. ASH solves the _ L
three-dimensional MHD anelastic equations of motion in a P=R'T, (8)
rotating spherical shell using a pseudo-spectral semi-implicit
approach (Clune et all999 Brun et al.2004. The effects
of compressibility on the convection are taken into accoun
by means of the anelastic approximation, which correctly
describes the advective dynamics while ltering out sound
waves that would otherwise severely limit the time steps allowed
by the simulation. ASH also uses a large-eddy simulation
(LES) approach, with parameterization to account for subgrid-
scale (SGS) motions. These equations are fully nonlinear in
velocity and magnetic elds. The thermodynamic variables are
linearized with respect to a spherically symmetric mean state
with density —, pressurd®, temperaturd , and speci ¢ entropy
S. Perturbations are denoted asP, T, andS The equations
being solved are

where R is the ideal gas constant, taking into account the
+ mean molecular weiglpt corresponding to a mixture composed
roughly of three-fourths hydrogen and one-fourth helium per
mass. The reference or mean state (indicated by overbars)
is derived from a one-dimensional solar structure model and
is regularly updated with the spherically symmetric components
of the thermodynamic uctuations as the simulation proceeds
(Brun et al.20039. It begins in hydrostatic balance, so the
bracketed term on the right-hand side of Equati®niritially
vanishes. However, as the simulation evolves, both the turbulent
and magnetic pressures drive the reference state slightly away
from strict hydrostatic balance.
Finally, the boundary conditions for the velocity are impen-
(V)= 0 1) etrable and stress-free at the top and bottom of the shell. We
i impose a constant radial entropy gradient at the top and bottom.
A latitudinal entropy pro le is imposed at the bottom, as in
.B=0, ) Miesch et al. 2006§. We match the magnetic eld to an external
potential magnetic eld both at the top and the bottom of the
shell (Brun et al2004).

~ Vi v+ 2 oxv =8 P+ g

t 2.2. Background Dynamo Model

1 = = —a = Our experiments consist of introducing a toroidal magnetic
* 4_( xB)xBS -DS[ PS (. (3) ux rope at the base of the convection zone in a thermally
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< (e B Ti‘b'“ . o t (the critical Rayleigh number beina.  10% Jones &

ummary ot the background bynamo Farameters Kuzanyan2009. The system then relaxes (after about one
Domain 072-Q97R viscous timescale or hundreds of convective overturning times)
Grid resolutionly x N x N ) 256x 1024x 2048 to a statistically stationary state with a well-balanced radial
Diffusive coef cients (mid-CZ) = 1.13x 10%cmP s>t energy ux throughout the whole domain (see the bottom panel

= 453x 10%cnP s> of Figure 2 0fJB09. The convection is moderately turbulent,
, _ = 2.83x 10" cnP s>t with an rms Reynolds numb&e = Veontop S Tbot) midcz =

Dimensionless numbers Pr =025 Ppn=4 120, where the characteristic length scale is chosen as the

Ra= 1.85x 10° > Ra.
Re= 120 Rm 480
Ta= 1.8x 10°, Roc = 0.63

depth of the CZ and/cony = 80m<L. In the simulations,
the Taylor number isT, = 1.8 x 10° and the convective
Rossby number is theR,c = Ra/(T,P;) = 0.63 < 1,
Notes. , ,and are the effective viscosity, thermal diffusivity, and magnetic thus en;unng . pmgra‘de dlﬁere,m'al rOtathn (Brun & Toomre
diffusivity. P, andP, are the Prandtl and magnetic Prandtl numbResandRa; 2002). Figure 1 displays the radial convective velocity along
are the Rayleigh and critical Rayleigh numb@&sandRy are the Reynoldsand ~ With the differential and meridional circulation achieved self-
magnetic Reynolds numberE, andRq are the Taylor and convective Rossby ~ consistently in the simulation. As described in more detail in
numbers. See Secti@h2 for more details. JB09 convection is dominated at low latitudes by elongated
patterns (the so-called banana convective cells), whereas high-
equilibrated convection model in which a dynamo is operating. latitude convective patterns are more isotropic. We note at
The study of the purely hydrodynamic case was the subject of mid-latitude a zone of strong horizontal shear associated with
JB09 the large axisymmetric differential rotation realized in the
Our numerical model presents a simpli ed description of the Simulation. The radial and latitudinal pro le of the angular
physical processes acting on the magnetized solar convectiorvelocity are solar-like when compared to helioseismic inversions
zone. Solar values are taken for the heat ux, rotation rate, (Schou et al1998 Thompson et al2003, with a fast equator,
mass, and radius, and a perfect gas is assumed since the uppé&low pole, and conical pro le at mid-latitude. However, we
boundary of the shell lies below the H and He ionization zones. acknowledge that we do not model the tachocline nor the near
Contact is made with a seismically calibrated one-dimensional surface shear layer. For the former, we adopt the latitudinal
solar structure model for the radial strati cation. Table  thermal wind forcing used in Miesch et akQ0G see Brun
summarizes the model’s main parameters, which we describeet al. 2011 for a more self-consistent approach). Finally, we
in detail below. The computational domain extends from about also display the axisymmetric meridional ow present in the
0.72R t00.97R . The numerical domain uses 256 grid points simulation. It is mostly poleward near the surface, with one
in the radial direction, 1024 in the latitudinal direction, and large dominant cell on the order of 20 f'sSmall counter cells
2048 in azimuth. The reference state was obtained through theare also seen near the boundaries and in the polar cap, where
one-dimensional CESAM stellar evolution code (Mot&O7 azimuthal averages are harder to perform due to the small lever
Brun etal 2002, which uses a classical mixing-length treatment arm there.
calibrated on solar models to compute convection. We consider Starting from such a hydrodynamical convective state, we
the central portion of the convection zone, while the penetrative then add a seed magnetic eld that evolves by the action
convection below that zone and the atmosphere above (which isof the dynamo processes driven by the turbulent motions
stable with respect to convection) are not taken into account. Seglescribed above. A weak seed magnetic eld was chosen to
Browning et al. 2006), Brun et al. 2011), Pinto & Brun 011), be a{l = 5,m = 4} multipole introduced in the convection
and Warnecke et al2012) for simulations of solar convection ~ zone. The system was then evolved for 800 days, or about 28
coupled to lower and upper stable layers. solar rotations. With our choice of parameters, the magnetic
The effective viscosity, thermal diffusivity, and magnetic Reynolds number iR, = Rex Py, 480. This is well above
diffusivity , , and are here taken to be functions of radius the threshold of about 300 for dynamo action in strati ed and
alone and are chosen to scale as the inversest We use rotating solar convective shells, as evaluated by Brun et al.
the values = 1.13x 1022¢cnPsS!, = 4.53x 102cnP 5, (2004. Figure 2 displays the ratio between magnetic energy
and = 2.83x 10" cn?sS! at mid-Cz, corresponding to a  (ME) and kinetic energy (KE) over the last 400 days of the
Prandtl numbeP, = 0.25 and a magnetic Prandtl number Simulation. We indeed see that dynamo action takes place, as
Pm = 4. The diffusive coef cients are, inevitably, much higher ME/KE increases steadily. We clearly also see the exponential
than those believed to represent the real solar condition®?Fhe  growth and the change of the slope when nonlinear feedback
value stated above is, consequently, considerably higher than théom the Lorentz force starts to be felt by the ow. We ran the
solar one, but eases the development of a sustained dynamo. Theimulation until ME reaches an amplitude on the order of 2% of
magnetic Prandtl number is held xed in all the runs described KE. We chose to stop the simulation at that instar# (0 day
in this manuscript. In all cases, the spherical shell is initially in the gure) as we did not want the averaged background eld
rotating at the rate o = 2.6 x 10°%rad $! (correspondingtoa  t0 be too intense and the large-scale axisymmetric ows to
rotation period of 28 days). be in uenced by the growing magnetic eld. This somewhat
We start from a spherically symmetric convection zone with arbitrary choice allows us to have a multi-scale background
a realistic density strati cation pro le and solid-body rotation. magnetic eld while keeping the background large-scale ows
The density contrast in this convective case is about 24 betweertinchanged, hence allowing us to establish a direct link with
the top and the bottom of the domain. The convection zone previous works (e.g., Jouve & Bruk009. In particular, the
is initially in hydrostatic equilibrium but convection is readily differential rotation remains solar-like, similar to the one shown
triggered, as the background plasma is convectively unstable.on Figurel, since Maxwell stresses are not yet strong enough
The entropy gradient islS/dr = S 10°7, and the Rayleigh  to modify signi cantly the redistribution of angular momentum
number was chosen to be supercritia = 1.85x 10° > Ra. (see Brun et aR004for a more detailed discussion).
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Figure 1. Convective motions and mean ows in our model. The left panel shows the radial velocity pro le near the top of the shell, with yellow and dark blue tones
representing, respectively, up ows and down ows. The middle panel shows the differential rotation pro le, and the right panel shows the n@raitatiain. The

last two panels show longitude- and time-(272 days) averaged data. For the meridional ow, dashed (solid) lines represent counterclockwis) (itoakation,

and the intensity varies approximately between al%®2@ and 20 m3?.

(A color version of this gure is available in the online journal.)

.1-

10

,2-

10

ME/KE

0 Figure 3. Mollweide projection of the radial component of the background
-400 -300 -200 -100 0 dynamo magnetic eld near = 0.96R att = 0. Dark tones denote negative
Time [days] polarity. The color table scales fro®170 to +170G. Note the presence of
) ) ) ) o mixed eld polarity in the down ow lanes. The dotted black line indicates the
Figure 2. Evolution of the ratio of magnetic energy (ME) to kinetic energy  position of the spherical surface placed at 1R .
(KE) for the background dynamo eld. The instant O corresponds to the
introduction time of the magnetic ux rope.

(A color version of this gure is available in the online journal.)
in the same sub-domain. The pitch angles de ned here as
In Figure 3, we show the surface radial magnetic eld at the angle between the magnetic eld vector and the azimuthal

t = 0 day. This corresponds to the instant of introduction direction, such that

(addition to the background eld) of our twisted magnetic ux -

ropes (see Sectiof.3). As already discussed in Brun et al. B2 +B?2

(2009, the radial component of the eld is mostly found in the tan = ——. (9)
down ow lanes and ME can locally be more intense than KE B

(see also Cattanei999.

Figure4 shows more precisely the distribution of the magnetic If the magnetic eld vectors had random spatial orientations

; ; everywhere in the domain, then the probability distribution
rglgesss(ggggstzcﬁgggefjfggg 32%253?55?’8 r?_(;cé 2{’/;?:98“)( function (PDF) for the pitch anglé ( ) would be such that
background eld amplitude is aboutDx 10° G, and the upper 2B 2|sin |d 1
tail of the distribution extends up to about 30* G. In the region f()d =———F5—= —|sin |d. (10)
traversed by the magnetic ux ropes, the radial component of the 4B 2
magnetic eld is on average slightly smaller than the horizontal The functionf ( ) is represented by the dashed line in the
components. To show this better, the bottom panel in Figure bottom panel of Figurd. This shows that the background eld
displays the background magnetic eld’s pitch angle distribution is slightly more toroidal than poloidal in this region.
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Figure 4. PDF of the magnetic eld amplitudB = (B? + B2 +B?) att = 0in the latitudinal interva]25 N, 45 N] covered by the ux-rope’s evolution (top panel;
note, all thredB components are superimposed). Note that the histogram bins are distributed logarithmically. The global dynamo eld peaks G

and the FWHM of the distribution is of about one order of magnitude around that value. The bottom panel shows the PDF for the magnetic eld’s pitchengle i
same latitudinal interval (thick continuous line) and the expected distribution for a uniform random distribution of poloidal and toroiddireldisstted line).

Table 2 , _ These potential functions de ne a divergenceless and axisym-
Flux-rope Parameters for the Runs Discussed in the Text metric magnetic eldB in terms of the poloidal-toroidal de-
Standard ux rope 1.73 3.30 20 0.00 B= xx (Cer) + x (Aa) , (13)
Negative ux rope §1.73 $3.30 20  0.00
Left-handed ux rope L L73 _ 330 520 000 gmplitude of which at the axis of the structure{ Ry, = )
Left-handed negative ux rope S1.73 S3.30 S20 0.00 is given by
Weak ux rope 8.66 1.65 20 0.00 R
Medium ux rope 1.30 2.48 20  0.00 Bo max = 2Ap—. (14)
No dynamo, standard ux rope 1.73 3.30 20 0.00 a
High buoyancy, medium eld 1.30 2.48 20 523  Thepitchangle ofthetwisted magnetic eld lines with respect
High buoyancy, weak eld 8.66 1.65 20 232 to the azimuthal direction at the ux-rope’s boundary is such
h
. that qa
For comparison purposes, we also prepared a purely hydro- tan R +a (15)

dynamical background with the same properties (strati cation, ) )
meridional ows, and rotation pattern) as the dynamo runs but We also apply the following entropy perturbation to the

without a background magnetic eld. background eld:
2.3. Introduction of a Flux Rope S 2 S S1
_ _ , , .p _ S=SAs&expé SR cosit 2 S . ,
We introduced axisymmetric toroidal twisted magnetic ux a a/R¢
ropes near the lower boundary of the computational domain. (16)
The (background) initial conditions are those resulting from the
evolution of a dynamo run, as presented above (Se2t@nWe where its maximum amplitude isS = S 2AsR;/a at the ux-

performed several runs, whose parameters are listed in Zable rgpe's axis. The ux ropes are initially setup in pressure equi-
Figure5 shows the initial state of a typical run (our standard |iprjum with the surrounding plasma. This condition constrains

case). ) _ the density de cit / (relative to the background density) to
The magnetic geometry of the ux rope is expressed by the
two potential function&\ andC B .S . B2 v
A )=3 A x (), (11) 1Sexp S 1S5 - (7)
. AgaZq We only consider in this paper(r, ) and S perturbations,
Cr )=5S 5 X r ), (12) which are axisymmetric, such that the ux-rope buoyancy is
independent of the azimuthal coordinate (unlike in 2808
where Jouve et al2013.
5 SR, 2 s As shown by Emonet & Moreno-Inserti¢ €98, there is a
(ry, )= exp S 3 1+tanh 2 IR threshold in magnetic twist that the ux rope must have in order
t

to maintain its coherence during its rise through the convection
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Figure 5. Initial conditions. Snapshot of a twisted magnetic ux rope introduced at the bottom of the CZ in the dynamo run described i2Sedtienleft panel
shows a sample of magnetic eld lines from the entire numerical domain (for whidlyreen tones represent strémgeakB eld). The right panel shows the ux
rope in more detail over a small sub-domain of the numerical setup. In both the panels, blue and yellow volumes represent, respectively, cawsdiveé up
down ows (only the strongest down and up ows are represented on the left panel).

(A color version of this gure is available in the online journal.)

zone. This threshold is expressed in terms of a minimum pitch

|

angle atthe tube’s periphery 4000 =—
. _ Bpoloidal a vz =
SIn ¢ = T H_p — E y (18) 2000 F——u

it

whereais the ux-rope’s radiusH, is the background pressure

scale height, is the density de cit relative to the background < 0
density , and is the ratio of gas to magnetic pressures.
In simple terms, a ux rope is able to rise cohesively if its
magnetic tension is able to counteract the torque applied by
the ows around the magnetic structure as it buoyantly rises.
Equation (8) describes this balance in the plane orthogonal -4000
to the ux-rope’s axis, which is to say the poloidal plane in an — : N
axisymmetric setup. The overall picture of the conditions for the 5.0x10* 1.0x10° 1.5%10° 2.0x10°
cohesive rise of such ux ropes in three-dimensional convective B [G]

shells was subject of previous studies (Archontis eRabD5 Figure 6. Flux-rope parameter spat®| vs. S. The continuous black lines are
Jouve & Brun2009 among others). Detailed discussions of contours of the perturbation/  at the center of the twisted ux ropes, which
the evoluion of twisted ux ropes near, above, and below this (UEEPeRes o s el S The b e ns e
threshold (.:an be found In _‘JOU\_/e & BFUQ(XOQ_. FOHOWIng_ horizonttal lines) are excludedapriori? corresponging to sin 1or?nagnegc /
those studies’ conclusions, in this paper we will only consider ejgs below the minimum eld strength threshol(= 6.1x 10* G for S = 0)
magnetic structures that are expected to rise cohesively. Th&ound in Jouve & Brun2009. The red dashed line represents an empirical re-
focus here is on how the globally magnetized medium, rather evaluation of this threshold as an outcome of our simulations. The red asterisk
than a purely hydrodynamic one, interacts with and affects represents our standard case. The dotted blue line follows the contour of constant

th uti f th ti truct lained i , which contains the standard case. The blue and red asterisks represent the
€ evoluuon o ese magnetic structures (as explaine IN cases that are more thoroughly discussed in this manuscript. The other symbols

Section2.2). represent runs used to verify the consistency in our approach.

Figure 6 ShOW_S the_parameter spaji| Versus S used to (A color version of this gure is available in the online journal.)
de ne the runs listed in Tabl@ and summarizes the relations

between allthe ux-rope parameters. Contours of constant
(black continuous lines) and sin (blue dashed lines) were and the so does the corresponding threshold pitch angle
overplotted to show how the different runs relate to each otherin A negative S produces the opposite effect. It is also possible
terms of these two fundamental parameters. The density de citto explore different ux-rope magnetic eld strengths while

[/ (and consequently, the buoyant rise speed) increaseskeeping the same density de cit. Decreasing the magnetic eld
from left to right and from bottom to top. For a givéy, a amplitude By then implies increasing S. This corresponds
positive S translates into a density de cit higher than that in to an upward and leftward trajectory over one of thé
the S= 0 case. The buoyant rise speed increases accordinglycontour lines in the plot, and therefore to an increase in the pitch

i
I3

|

-2000

1 S B ¥

7
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angle threshold. Indeed, torque balance in the meridional planelaminar or weakly turbulent ows and large cross-sectional area
(or in the plane orthogonal to the ux-rope’s axis) requires uxropes. The effective viscosity and resistivity are necessarily
that the ux ropes keep the same poloidal magnetic eld much higher than those in the real Sun, and our magnetic
amplitude if the buoyant driver remains the same (having all structures are resolved with about 64 points in radius and 25

other parametersa-and H,— xed). The only way to satisfy
this condition while decreasirgy, is to increase the ux-rope’s
pitch angle. Increasing the magnetic eld amplituge while
keeping /
this implies a decrease irS and pitch angle threshold;. The
same type of reasoning can be applied to paths of constant
the{Bo,
for which it is impossible to form cohesive buoyant ux ropes
are grayed out. These correspond speci callyBg, S} pairs

points in latitude. Note that previous local studies have required
at least 200 points in each direction (Fad08 Dorch 2007
and that some authors (e.g., Hughes & Fal®8 argue that

constant has the opposite consequences; namelyresolution and the local Reynolds numbers are critical to an

accurate portrayal of the rise of a structure. The necessity
of making the magnetic structure large in conjunction with

S} parameter space. The areas of the parameter spacéigh diffusivities leads to length scales and timescales of

the convective ows and background magnetic elds that are
comparable to those of the magnetic structure. The magnetic

that imply sin { > 1 and to density de cits not strong enough structures occupy approximately one-fourth of the convection
to counteract the strongest convective down ows in the CZ. We zone by radius and evolve on a timescale of about 25 days,
note that in practice the latter limit actually underestimates the which may be compared with the convective turnover time of
minimum value for / that can be used. The red dashed line 35 days and the magnetic diffusion time of 80 days. Therefore,
represents an empirical re-evaluation of thé threshold, due to our choice of a global geometry and the constraints it
as an outcome of our simulations. Very slowly rising buoyant places on numerical resolution, we are necessarily restricted
ux-rope’s may require extremely low diffusivities, such that to studying the brief rise of a large magnetic structure in a
the corresponding diffusive timescales are larger than theirlarge-scale weakly turbulent magnetoconvective background
long buoyant rise timescales. It is of course easier to follow where diffusive processes clearly play a signi cant role. This
numerically the evolution of strongly buoyant ux ropes than means that what we study is clearly not the solar problem,
weakly buoyant ones (as the diffusive coef cients cannot be wherein a magnetic structure that is much larger than the
lowered arbitrarily), and our model presents no exception to typical length scales of both the highly turbulent velocity and
this general rule. magnetic elds rises quickly on a timescale that is far shorter
For completeness, below we show the scaling relationsthan any diffusive timescale. Furthermore, the similarity of all
between S, B, [/ , and sin {, which follow from our length scales demands that numerous realizations of the
Equations 16)—(18): simulations be performed to create accurate statistics, but such
a task is unfortunately too expensive to perform in our global
geometry. Our magnetic background is also somewhat arbitrary.
In our simulations, idealized twisted magnetic ux ropes are
added to a magnetoconvective setup—a dynamo—which we
let evolve 400 days beforehand. The ME spectrum reaches
a fully developed pro le after about 150 days, with the later
evolution (between 150 and 400 days) translating simply into
an increase of amplitude of the whole spectrum. We chose to
stop the dynamo run when the ME reached about 2% of the KE.
This deliberate but completely arbitrary choice ensures that the
background ows retain the same global properties (meridional
circulation and prograde differential rotation) and hence lets
us establish a more clear comparison with the progenitor
hydrodynamic case (Jouve & Br@d09. Different background
dynamo setups could perhaps lead to different results, and such
} effects should be addressed in the future. Furthermore, it should
Figure6 was built assuming invariaat= 2.87x 10°2R and be noted that the top of the numerical domain (the “surface”)
R = 0.75R , which are the ones we chose to use in our simula- is placed at ®7R , thereby omitting a very dynamic layer of
tions. The values dP, Hp, andc, are then implicitly de ned by ~ the actual solar surface. Thus, our conclusions concerning “ ux
the former parameters (the ux-rope’s initial position) and the emergence” are strictly related to emergence from the weakly
convective background, and are therefore also invariant. Chang-strati ed interior of the calculation into the highly strati ed
ing these would affect the exact slopes and positions of the surface convective layers above. Signi cant modi cation of any
and sin  contour lines, slightly deforming the diagram but still  characteristics detected in our simulations should be expected,
maintaining its main properties. and therefore any predictions must be considered very carefully
before any relation to the solar context is implied (as in Abbett
et al.2001, for example). However, due to the rst point above,
these simulations should in no way be considered as solar
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8P

S —B =Scgln 1S — + %013
(19)

aap St

— (B, 1) = si? H—P? (20)

a4dpP

S(B, =S c,In 1S sir —
(B, 1) P Tt [ B2

C . B2
+PIn 18 —

8P (21)

2.4. Scope and Limits of Our Model

Let us better clarify the scope and limits of our methods
before moving on to the more detailed discussion of our anyway.
work. We use a global three-dimensional numerical model of a
convective spherical shell that solves a set of MHD equations
in the frame of the anelastic approximation (discussed in detail
in Bannon199§ Lantz & Fan1999. The maximum numerical Let us now describe the evolution of the twisted magnetic ux
resolution we use (giving a spatial resolution of 1.5-2 Mm ropes introduced near the bottom boundary of the background
horizontally and 0.01-1 Mm vertically) restricts our studies to model described above (Sectign

3. BUOYANT RISE IN A DYNAMO FIELD
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