Simulations of Flux Emergence in Cool Stars:
What’s Convection, Rotation, and Stellar Structure got to do with it?
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Figure 2 | Surface images of ζ And from September 2013 with fourteen
nights of data using SURFING. a and b are presented as in Fig. 1, except
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that the 200-K contours of the Aitoff projection (a) range from 3,600 K to
4,600 K. The polar spot is observed to have evolved between the two sets
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Although flux tube models cannot address the selfconsistent formation of magnetic field bundles, they are
nonetheless instructive. In particular, they allow the flexibility of prescribing initial conditions both of the flux
tube and the external environment to explore a variety of possible situations that may be realized in stars.
Weber et al. (2011, 2013b); Weber & Fan (2015) examine the eﬀect Solar-like convection has on the local and
global evolution of magnetic flux tubes while circumventing the problem of artificial diﬀusion by employing the
TFT model in a hydrodynamic convection simulation.

Model Schematic:

to one spatial dimension, with all quantities represented
by their values along the flux tube axis. The equations
that describe the evolution of each Lagrangian element
of the 1D flux tube are as follows:

Equation of Motion:
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Fig. 7.— Azimuthally averaged B$ as contour plots in radius and latitude at three instants in the evolution of case Cm. The three renderings sample (a) a time prior to the
saturation of the volume-averaged magnetic energy density, and times roughly (b) 8500 and (c) 11,000 days later. Polarity is indicated by the color map, with reddish tones
positive ( prograde polarity) and bluish tones negative (retrograde).

slow magnetic diffusion time [! ! L2 /(" 2 #) ! 4400 days] than
of the faster convective overturning time.

overall polarity of the fields is remarkably stable. Over
.—Toroidal magnetic fields realized in the convective envelope and underlying radiative region. Mollweide projections at one instant of longitudinal fieldtheThe
roughly 25 yr that we have evolved simulation Cm after its
energy equilibrated, the field near the surface has respherical surface at (a) middepth in the convection zone (r p 0.84
¤ R,) and (b) in the stable zone (r p 0.67 R,). (c) Contours in radius and latitude ofmagnetic
versed its polarity—which we define as the sign of Br integrated
ged in time (over an interval of 220 days) and in longitude. Field strengths are in units of gauss.
over a surface in the northern hemisphere (see BMT04)—only

ed, with strong fluctuating magnetic fields (∼3000 G
nd weaker mean toroidal and poloidal fields (of timeed strengths ≤300 G) achieved within the bulk of the
tion zone. Over the 2800 simulated days (about 100
n periods) studied after the field strengths have largely
rated, the dynamo action is persistent, with overall magnergy sustained at about 40% of the convective kinetic
. Figure 2a shows a snapshot of the longitudinal field
middepth (r p 0.84 R,), revealing complex structure on
scales, with no evident polarity preferences. The radial

"

Distributed
dynamo
Browning+ 2006

Sun

B2
8π

M dwarf, Solar 3Ω⊙

Tachocline
interface
dynamo

toroidal

!

once. This stability is in marked contrast to the frequent polarity
reversals found in simulations of the solar convective envelope
without a tachocline ( BMT04).

about 10 times stronger than the mean Bf in the convection
6. ESTABLISHMENT AND QUENCHING
OF DIFFERENTIAL ROTATION
zone. Whereas fluctuating (nonaxisymmetric) fields dominate Our hydrodynamical
calculations (cases A, B, and C) begin
of uniform rotation. In all of them, however, convecin the convection zone, the magnetic energy in the mean to-intiona state
quickly acts to redistribute angular momentum, ultimately
establishing
interior
rotation
profiles that vary with radius and
roidal field is about 3 times larger than the fluctuating magneticlatitude. The resulting differential
rotation is partly akin to that
at the solar surface, in that the equator rotates more rapenergy within the tachocline. The strong toroidal field estab-observed
idly than the poles; unlike the bulk of the solar convection zone,
simulations also exhibit substantial radial angular velocity
lished in the stable region is accompanied by a largely dipolarour
contrasts, with the outer regions rotating more rapidly than the
interior.
poloidal field.
This differential rotation is assessed for the hydrodynamic
C in Figure 8. Shown as a contour plot is the longitudinal
Neither the organization of the magnetic field below the con-case
velocity v̂ , averaged in time and in longitude; rapidly rotating
are reddish, and slower ones are bluish, all shown relavection zone into predominantly axisymmetric toroidal fields, norregions
tive to the rotating frame. Figure 8b also shows the angular veˆ as a function of radius along selected latitudinal cuts.
locity !
the strong parity selection exhibited here, appear to be transientThere
we can see that at the surface, the overall angular velocity
$

and latitude are smaller in our more laminar cases A and B, but
the sense of the differential rotation is the same. We have tabulated in Table 2 the contrast from equator to 60" for each of these
simulations.
The building of differential rotation by the rotating convective flows is not unexpected. As convective parcels rise and fall,
they may be turned by Coriolis forces, yielding correlations between vr and v$ whose effect is to transport angular momentum
outward. If, on the other hand, Coriolis forces are weak (relative
to buoyancy driving and pressure forces), outward-moving flows
may simply tend individually to conserve angular momentum,
implying an angular velocity that decreases with radius (e.g.,
Gilman & Foukal 1979). The convection in our models is strongly
influenced by rotation, as quantified for instance by the Rossby
number Ro ¼ ũ /(L!) or the convective Rossby number Roc ¼
=
½Ra/( Ta Pr )&1 2 . The first of these roughly measures the strength
of the Coriolis terms in equation (3) relative to the inertial ones,
while the second estimates the influence of rotation compared
to buoyancy driving. These are tabulated for our simulations
in Table 1. In prior studies of nonlinear convection in rotating
spherical shells (Gilman 1978, 1979; Brun & Toomre 2002), a
general finding has been that equatorial acceleration is realized
whenever Roc is less than unity, with Coriolis forces therefore
large. When Roc is large, conversely, the equatorial regions tend
to rotate slower than the poles. Under strong rotational influences,
angular momentum transport by the convection tends to be radially outward and latitudinally toward the equator (e.g., Brun &
Toomre 2002). The analogy in deeper spherical domains appears
to be the acceleration of columns of fluid that lie far from the
rotation axis, as realized here and in the core convection simulations of Browning et al. (2004). Angular momentum is glob-
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Figure 18. Buoyant magnetic loops evolving from small-scale wreath sections amplified by turbulent intermittency. (a) Field line rendering of magnetic wreaths at
low latitudes in case S3. Field lines are colored by Bφ (negative in blue, positive in red) to highlight the two wreaths present. (b) Zoom-in on region indicated in (a)
showing field line tracings of the core of the buoyant magnetic loops at the same instant colored by magnitude of B (weak fields in purple, intense fields in yellow).
Volume rendering shows Bφ using the same color scheme as in (a). (c) The same region 4 days later, showing the continued rise of the loops through the stratified
domain and their expansion.
(A color version of this figure is available in the online journal.)
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axisymmetric
nature of turbulence-induced flux emergence may
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rely on the assumptions that underlie that instability analysis,
also account for the phenomenon of active longitudes.
namely, scale separation, the invariance of the small-scale turThe observed tilt angles and emergence latitudes of bipolar
2014
bulent energy, and the proportionality between variations in the
magnetic regions on the Sun is best reproduced by modelsNelson+
of
mean and turbulent magnetic energy (attributed to kinematicfootpoint
rising flux tubes
with initial field strengths of 20–100 kG (e.g.,
B (G)
shredding).
Fan 2009; Jouve & Brun 2009; Weber et al. 2011; Pinto et al.
10°location of the flux bundles that ultimately form 2011). However, generating such superequipartition fields is not
The radial
active regions depends on the kinetic energy density in the
a trivial matter and in fact represents a formidable, unresolved
convection (FKE) relative to that in the differential rotation
problem in solar dynamo theory (e.g., Rempel & Schüssler
0.72R pumping. In the
(DRKE),
as
well
as
the
efficiency
of
magnetic
2001). Laminar amplification of toroidal fields by rotational
Polar View
simulations presented here, DRKE/FKE ! 1, suggesting that
shear, the Ω-effect, tends to saturate at field strengths well
0.85R
the generation of the wreaths
enough that they can
below equipartition due to the back-reaction of the Lorentz
0.92Ris efficient
persist in the convection zone despite magnetic pumping. If this
force (Vasil & Brummell 2009; Guerrero & Käpylä 2011).
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ratio falls much below unity, as might be expected for lower
Turbulent intermittency can help by tapping the energy in the
rotation rates, the wreaths may get pushed toward the base of
convection that is ultimately provided by the solar luminosity.
Figure 8 (a) Histogram of twist rate parameter [qJ ]values for the 131 loops observed in Cycle 1 along
the convection zone. Likewise, if the simulations are over- or
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• Downflows naturally induce
loops ~15° − 20° apart

• Convection introduces a
statistical spread in tilt angles
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Convection can also suppress flux emergence
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•

The global rise of TFTs is more strongly suppressed by
convective flows when the flux tube is initiated:
• in the deeper interior
• at lower latitudes
• with a weaker magnetic field strength

Weber & Browning 2016, Weber+ 2017
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Rotation alters emergence properties
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No convection
1Ω⨀

129 days

30∘
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Tilt Angles
Sun, 1Ω⨀
Figure 2.2. Snapshots of ASH convective radial velocities (left) at a depth of
25 Mm below the solar surface in an orthographic projection, and (right) at a
depth of 23 Mm in a Mollweide projection with the dotted line representing the
solar radius r = R⊙ . Strong downflow lanes (blue/purple) at the boundary of
giant convective cells surround upflow regions (yellow). Also known as banana
cells, the structures at low latitudes are rotationally aligned and propagate
prograde.
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lowest 2/3 of modes (maximum spherical harmonic degree ℓmax = 170 and Chebyshev degr
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helps promote a conical rotation profile. The radial entropy gradient imposed at the out

boundary is steeper, more in line with solar structure models (e.g. Christensen-Dalsgaa

et al. 1996); ∂S/∂r = −10−5 erg g−1 K−1 cm−1 in this case compared to −10−7 erg g−1 K

based on Weber+ 2013
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Figure 2.2 shows snapshots of the radial velocity of the giant-cell convection at dept

of 25 and 23 Mm below the solar surface, respectively. The convective flow pattern sho
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•

Due to the Coriolis force, more rapid rotation:
• Lengthens the rise time
• Leads to poleward deflection
• Increases tilt angles

Fig. 3.— Radial velocity patterns in Mollweide projection at 0.95 R! (left ) and differential rotation p
G1, (b, f ) case G3, (c, g) case G5, and (d, h) case G10. At higher rotation rates, the horizontal scale of co
aligned with the rotation axis. A striking pattern of modulated convection emerges at low latitudes w
convection. These active nests of convection are propagating structures that persist for long periods of
latitude are shown in the middle. These differential rotation profiles all involve fast equators ( prograde
scale) and a monotonic decrease of ! as the poles are approached. Radial cuts of the angular velocity at
dashed contour denotes the constant propagation rate of the nests, where discernible.

helioseismology without significantly changing either the overall ! contrast with latitude or the convective patterns. We expect
similar behavior here, as briefly explored by Ballot et al. (2007),
but we have not explored this issue in detail at the higher rotation rates. More rapidly rotating suns may very well also possess
tachoclines, but at this stage there is no observational evidence of
this. Thus, we have simplified these simulations by imposing an
entropy gradient that is constant in latitude at the bottom boundary. Our contours of ! in Figure 3 show some differences between the northern and southern hemispheres, particularly at higher
latitudes, and these differences decrease with more rapid rotation.
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Figure 7.5. Tilt angles plotted as a function of emergence latitude for flux
tube simulations of five diﬀerent initial magnetic field strengths in a star ro- 6
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tube is not given a cross-sectional extent.

in Weber & Browning 2016. The flux tube initial configuration is show i
reaching the simulation upper boundary in black. The azimuthal axis has
the apex of the tube at the upper boundary is on the right-hand side. U
mesh spheres represent 0.95R and the initial
flux
tube,initia
resp
0 of
Fig.radius
1.— r30
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initiated at 0.5R, (Center) initiated at 0.75R,
(Right)&same
as center
image,
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2016.
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tube is not given a cross-sectional extent. reaching the simulation upper bo

Stellar structure impacts emergence latitudes and more

Tachocline or not?

Emergence Latitude Probability Functions
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mesh spheres represent 0.95R and
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based on Weber+ 2013
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Flux Tubes in Fully Convective Stars

-( = 0.75R

-( = 0.5R

Azimuthal
velocity

Figure 3. (a) Meridional plot of the longitudinal velocity v̂φ for
the fast diﬀerential rotation profile, averaged over ∼ 460 days with
contour intervals every 10 m s−1 around zero relative to the rotating frame. Dashed lines are at radii of 0.5R and 0.75R. (b) Angular
velocity Ω̂ averaged over the same time interval as a function of radius along indicated latitudinal cuts for the fast (∆Ω/Ω0 ∼ 22%)
diﬀerential rotation profile, and the slow (∆Ω/Ω0 ∼ 2%) diﬀerential rotation profile approximated using Equation 8.
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Parameters
TEQ, vφ0 = 0, Rad. Heat.
TEQ, vφ0 = vφℓ , Rad. Heat.
TEQ, vφ0 = vφℓ , Adiabatic
TEQ, vφ0 = vφhe , Rad. Heat.
MEQ, Rad. Heat.
Fast Diﬀ. Rot., ∆Ω/Ω0 ∼ 22%
Slow Diﬀ. Rot., ∆Ω/Ω0 ∼ 2%
indicates convective field
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Fig. 2.— 100 kG flux tubes initiated at θ0 = 5◦ in temperature equilibrium
with the star (Ω=2.6×10−6 rad s−1 ). Upper and lower mesh spheres repre
the base of the convection zone, respectively. (Left) 0.4M⊙ , (Center) 0.5M⊙ ,
0.4!
Evolution of the 30 kG flux tubes are similar in trajectory. ⊙

Table 1
Flux tube simulation parameters. Those in TEQ have a density
deficit following Eq. 7, with an internal azimuthal speed (1)
vφ0 = 0 co-rotating with Ω0 , (2) vφ0 = vφℓ co-rotating with the
local longitudinal velocity v̂φ corresponding to either the fast or
slow diﬀerential rotation profile, or (3) vφ0 = vφhe , the azimuthal
velocity required for the flux tube to be in horizontal force
equilibrium following Eq. 12. Those in MEQ have a neutral
buoyancy and a prograde vφ0 following Moreno-Insertis et al.
(1992). Flux tubes evolve either with radiative heating following
Eq. 6 or adiabatically such that dS/dt = 0. The presence of an
applied velocity field (see Sec. 2.3) is represented by C.

Bu
il

based on Weber & Browning 2016
refer to the two profiles as fast (f) and slow (s), corresponding to angular velocity contrasts ∆Ω/Ω0 of ∼22%
and ∼2%, respectively.
(
For simplicity in referring to a set of simulations
with
particular initial conditions, we have a adopted a naming scheme given in Table 1. For example, the Case
ATLf simulations discussed briefly in Section 3.2 refer to
flux tubes that evolve adiabatically (A), are initially in
thermal equilibrium (T), and have an internal azimuthal
speed vφ0 corresponding to the local longitudinal velocity v̂φ of the fast diﬀerential rotation profile (Lf). The
Case TLsC simulations discussed in Section 4 correspond
to flux tubes that evolve with the influence of radiative
heating, where the tube is initially in thermal equilibrium (T) and co-rotating with the slow diﬀerential rotation profile (Ls). The application of the suﬃx C indicates
the presence of time-varying convective flows (C), where
the applied longitudinal velocity profile v̂φ always corresponds to either the slow or fast profile as indicated.
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e

0.6!⊙
Fig. 2.— 100 kG flux tubes initiated at θ0 = 5◦ in temperature equilibrium and co-rotating
with the star (Ω=2.6×10−6 rad s−1 ). Upper and lower mesh spheres represent 0.95R and
the base of the convection zone, respectively. (Left) 0.4M⊙ , (Center) 0.5M⊙ , (Right) 0.6M⊙ .
Evolution of the 30 kG flux tubes are similar in trajectory.

Fully Convective M Dwarf, ' = 1° − 60°

here allows for more direct comparison between TFT
simulations, removing any eﬀects that may arise because
of stochastic variations in the radial vr and latitudinal
vθ velocity fields. Figure 3b shows the angular velocity Ω̂ (nHz) from the original ASH hydrodynamic case
as a function of radius for latitudinal cuts at 0◦ , 45◦ ,
and 60◦ . Shown on the same plot is the angular velocity Ω̂ approximated using Equation 8 for a contrast of
∆Ω/Ω0 ∼2%. This simplistic approach creates a diﬀerential rotation profile very similar to Case Cm in Browning
(2008) with the same angular velocity contrast of ∼ 2%,
where the presence of equipartition-strength magnetic
fields quenches the diﬀerential rotation. The presence
of magnetic fields in Case Cm does aﬀect the distribution of angular momentum. However, we note that the
amplitudes of v shown in Figure 2 are commensurate

uil
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3.— Flux
tubes initiated
at θ = 5 in mechanical
Unlike solar case, in M dwarf there is a tendency forFig.high
latitude
emergence
(> 30°)force equilibrium. The azimuthal
axis has been rotated so the apex of the tube at the upper boundary
is on the right-handof flux tube
• Assumption
side. Upper and lower mesh spheres represent 0.95R and the base of the convection zone,
Exceptions when flux tubes initiated closer to the surface
and of sufficiently weak
region, and thereby
respectively. (Top) 30 kG flux tubes, (Bottom) 100 kG flux tubes. generating
(Left) 0.4M , (Center)
0.5M , (Right) 0.6M . All 100 kG tubes shown here have developed one buoyant loop. The
(≤30 kG) or strong field strengths (≥200 kG)
initial
thermodynamic
Fig. 3.— Flux tubes
initiated
at θ = 5 in mechanical force equilibrium
30 kG flux tubes develop one buoyant loop in the 0.4M star, and two loops in the 0.5 and
axis has been rotated so the apex of the tube at the upper boundary is
0.6M . It is likely that convective motions will modulate the shape properties,
of especially the 30 kG
matter
Increased density in M dwarfs leads to longer flux tube
rise times by ≤ 10x
side. Upper and lower mesh spheres represent 0.95R and the base of7the
flux tubes, removing any preference for these low order m=1 and m=2 unstable modes (i.e.
3. FLUX TUBES IN A QUIESCENT CONVECTIVE

◦
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⊙

⊙

⊙

◦

0

⊙

⊙

Summary

Fig. 1.— 30 kG flux tubes initiated at θ0 = 6◦ , corresponding to
in Weber & Browning 2016. The flux tube initial configuration
reaching the simulation upper boundary in black. The azimuthal
the apex of the tube at the upper boundary is on the right-han
mesh spheres represent 0.95R and the initial radius r0 of the flux
initiated at 0.5R, (Center) initiated at 0.75R, (Right) same as cen
tube is not given a cross-sectional extent.

Convection, rotation, and stellar structure are all important contributing factors
to the overall trend of flux emergence.
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1 Ω⊙

Fig. 2.— 100 kG flux tubes initiated at θ0 = 5◦ in temperature eq
with the star (Ω=2.6×10−6 rad s−1 ). Upper and lower mesh sph
the base of the convection zone, respectively. (Left) 0.4M⊙ , (Cente
Evolution of the 30 kG flux tubes are similar in trajectory.

3 Ω⊙

Fully Convective M dwarf

•
•
•
•

Convection modulates flux
emergence
Fluid motions both suppress and
promote the rise of magnetism
Convection introduces a statistical
spread in emergence properties

•

Due to the Coriolis force, rapid
rotation:
• Lengthens the rise times
• Leads to poleward emergence
• Increases tilt angle

•
•

Solar

Tendency for polar flux emergence
in M dwarfs, unlike in solar-like stars
Increased density in M dwarfs leads
to longer rise times
Assumptions about flux tube
generating region (i.e. tachocline or
not) has consequences for flux
emergence

Fig. 3.— Flux tubes initiated at θ0 = 5◦ in mechanical force eq
axis has been rotated so the apex of the tube at the upper boun
side. Upper and lower mesh spheres represent 0.95R and the ba
respectively. (Top) 30 kG flux tubes, (Bottom) 100 kG flux tube
0.5M⊙ , (Right) 0.6M⊙ . All 100 kG tubes shown here have develop
30 kG flux tubes develop one buoyant loop in the 0.4M⊙ star, an
0.6M⊙ . It is likely that convective motions will modulate the sha
flux tubes, removing any preference for these low order m=1 and
the number of buoyant loops will be determined by the nature of t
the preferred buoyancy instabilities). Questions: Is there a signific
in emergence pattern depending on whether tubes initiate in temp
mechanical force equilibrium? Will convective motions normalize
What about rotation rate?

This work is a step toward linking magnetic flux emergence, convection, and dynamo action along the lower end of the main sequence.
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