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Magnetic field is frequently coherent 
and large-scale
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Palmeirim+2013, molecular cloud

Fletcher+2011
Galaxy

Plasma in the universe 
frequently constructs high-
level turbulence with large 
Reynolds numbers.

Magnetic field in smallest 
scale has the largest growth 
rate for the small-scale 
dynamo.
In addition, large-scale 
feather is expected to be 
destructed with the turbulent 
motion

How can they construct such 
large-scale magnetic fields.
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Sunspot and solar cycle
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Average daily sunspot area (% of visible hemisphere)

(Courtesy of Okamoto) (SDO/HMI)



Butterfly diagram
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11 year solar cycle is filled with ordered rules
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ü Sunspot latitude migrates equatorward during a cycle.
ü Large-scale dipole field reverses every 11 years.



Hale-Nicholson’s law
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More than 90% of sunspot pairs obey a coherent polarity rule.
This indicates large-scale magnetic field in the solar interior.



Convection generates magnetic field
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The solar convection zone, the 
outer 30% of the solar interior, 
is filled with the turbulent 
convection due to the energy 
input from the radiation zone.

The turbulent motion of the 
ionized plasma amplifies the 
magnetic field → dynamo

We need to understand the 
details of the turbulence and 
magnetic field to understand 
the 11 year cycle problem.

Radiation
Zone

Convection
zone



Order from Chaos
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(Rempel, 2014, Numerical Calculation)

How can we make 
large-scale feature 
from such small-
scales.

(Hinode/SOT)



Solar physics is lucky

Hideyuki Hotta 8

Energy flux 
(The value is well known)

Convection zone
Calculation region

L� = 3.84⇥ 1033 erg s�1
Thanks to detailed solar 
observation (mainly 
helioseismology) and the solar 
standard model, we know the 
details of the energy flux, and 
the stratification (density, 
pressure, and temperatures) in 
the solar convection zone.

That means that input 
parameters for calculations are 
well determined and ideally we 
can calculate the turbulence and 
magnetic field properly with nice 
supercomputers.



Convection can produce global field
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Figure 3. Convective structures and mean flows in cases D5 and H5. (a)
Radial velocity vr in dynamo case D5 shown in global Mollweide projection at
0.95 R⊙ with upflows light and downflows dark. Poles are at top and bottom
and the equator is the thick dashed line, while the stellar surface at R⊙ is
indicated by the thin surrounding line. This snapshot samples day 3880 (time t1)
when the magnetic fields are strong. (b) Companion hydrodynamic case H5.
Here, stronger differential rotation shears out convective structures in the mid-
latitudes. (c) Profile of mean angular velocity Ω(r, θ ) for case D5, with (d) radial
cuts of Ω at selected latitudes. (e) Meridional circulations for case D5, with
magnitude and sense of circulation indicated by color (red counterclockwise,
blue clockwise) and streamlines of mass flux overlaid. The profiles shown in
(c–e) have been averaged over nearly 2000 days, spanning a full magnetic
reversal.
(A color version of this figure is available in the online journal.)

Individual convective cells typically persist for about 10 days,
though some have much longer lifetimes.

The convective structures in case D5 are quite similar to those
realized in the hydrodynamic case H5 (Figure 3(b)), though
there are some noticeable differences, particularly at the mid-
latitudes (around ±30◦). In the hydrodynamic case, there is little
radial flow in these regions, as the strong differential rotation
shears out the convective cells. This region is equatorward of
the tangent cylinder, an imaginary boundary tangent to the base
of the convection zone and aligned with the rotation axis. For
rotating convective shells, it has generally been found that the
dynamics are different inside and outside the tangent cylinder,
due to differences in connectivity and rotational constraint in
these two regions (e.g., Busse 1970). The tangent cylinder in our
geometry intersects with the stellar surface at roughly ±42◦ of
latitude. In our compressible simulations, we generally find that
the convective patterns in the equatorial regions are bounded by
a conic surface rather than the tangent cylinder (Brown et al.
2008). In case H5, the strong differential rotation serves to

disrupt the convection at the mid-latitudes. In contrast, in the
dynamo case D5 the differential rotation is substantially weaker
in both radial and latitudinal angular velocity contrasts. As is
evident in Figure 3(a), the convective cells fill in this region
quite completely.

In our prior hydrodynamic simulations of convection in
younger suns we reported on localized nests of convection
(Brown et al. 2008), with those most prominent at the highest
rotation rates. Though there is some modulation with longitude
in the equatorial roll amplitudes here, this modulation is less
extreme in either case D5 or H5 than in our previous rapidly
rotating simulations of stellar convection (e.g., case G5 in
Brown et al. 2008). This difference appears to be linked to our
background stratification and feedbacks from thermal transport
near the top of the domain. Here, we have attempted to reduce
the region of influence of the unresolved SGS heat flux Fu
which carries flux out the top of the domain (Brown et al.
2008). This thinner thermal boundary has larger gradients and
a steeper profile of the background entropy gradient dS̄/dr and
thus slightly higher Rayleigh numbers and radial velocities.
In our broader study of rapidly rotating dynamos, we have
found that strongly localized active nests of convection remain
possible in dynamo simulations at the most rapid rotation rates
(Ω ! 10 Ω⊙).

The convection establishes a prominent solar-like differential
rotation, with a fast prograde equator and slow retrograde poles.
Figure 3(c) shows the profile of mean angular velocity realized
in case D5, averaged in azimuth (longitude) and time over
a period of roughly 200 days centered on the time of the
snapshot in Figure 3(a). The equatorial acceleration is achieved
by Reynolds stresses and convective transport that redistribute
angular momentum and entropy, and build prominent gradients
in latitude of angular velocity and temperature. Radial cuts of
Ω indicate that strong radial shear is present throughout the
lower latitudes (Figure 3(d)). This differential rotation is solar-
like in the sense that there is a monotonic decrease of Ω from
the equator to the pole. Generally, the profiles here of Ω are
more cylindrical than those deduced from helioseismology for
the Sun, but this is to be expected for more rapidly rotating
stars. This may also be influenced by our omission of a
tachocline. From studies of solar convection, it is evident that
the thermal structure of the tachocline with latitude influences
the differential rotation profiles in the bulk of the convection
zone. The main effect is to tilt the Ω contours toward a more
radial alignment (Rempel 2005; Miesch et al. 2006).

The differential rotation achieved is stronger in our hydro-
dynamic case H5 than in our dynamo case D5. This can be
quantified by measurements of the latitudinal angular velocity
shear ∆Ωlat. Here, as in Brown et al. (2008) and Paper I, we
define ∆Ωlat as the shear near the surface between the equator
and a high latitude, say ±60◦, with

∆Ωlat = Ωeq − Ω60, (1)

and the radial shear ∆Ωr as the angular velocity shear between
the surface and bottom of the convection zone near the equator
with

∆Ωr = Ω0.97 R⊙ − Ω0.72 R⊙ . (2)

We further define the relative shear as ∆Ωlat/Ωeq. In both
definitions, we average the measurements of ∆Ω in the northern
and southern hemispheres, as the rotation profile is often slightly
asymmetric about the equator.
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Figure 1. Magnetic wreaths achieved in (a) case D3 (Paper I) and (b) case
D5 (this paper). Shown are time–latitude plots of mean toroidal (longitudinal)
magnetic field ⟨Bφ⟩ at mid-convection zone, with scaling values indicated. Case
D3 builds persistent, time-independent wreaths but the wreaths achieved in case
D5 undergo quasi-regular reversals of polarity (three shown here, with roughly
a 1500 day period). The dynamic range of the color bars is indicated.
(A color version of this figure is available in the online journal.)

the two strong wreaths of oppositely directed polarities have
substantial cross-equatorial connectivity (Figure 2(a)). This
cross-equatorial flux appears to play an important role in the
polarity reversals that are observed.

Unlike the wreaths of case D3, here magnetism fills the entire
convection zone including the polar regions (Figure 2(b)). On
their high-latitude (polar) edges, the wreaths near the equator
are connected to magnetic structures of weaker amplitude and
opposite polarity at the polar caps. These polar structures are
relic wreaths from the previous cycle that propagate toward

the poles during the polarity reversal. In a short time after this
snapshot, the strong wreaths near the equator begin to propagate
toward the poles and are replaced by new wreaths of opposite
polarity (blue in northern and red in southern hemisphere). This
phenomenon is visible in Figure 1(b) starting at roughly day
4000, with the reversal completed a short time later. This is a
remarkable example of magnetic self-organization by turbulent,
rotating, stratified convection that bears strongly on the vibrant
magnetic activity and cyclic variability observed in many young,
rapidly rotating stars.

4. PATTERNS OF CONVECTION IN CASE D5

The complex patterns of convection of our dynamo and hy-
drodynamic cases rotating at five times the solar rate are pre-
sented in Figure 3. Individual convective cells are shown in snap-
shots of radial velocity near the top of the simulated domain in
Figures 3(a) and (b) for cases D5 and H5, respectively. Both
cases share strong similarities in their convective patterns. Ow-
ing to the density stratification, the convection is compressible
and the downflows are narrow and fast, while the upflows are
broader and slower.

Near the equator the prominent cells are aligned north–south
and propagate in the prograde direction. The strongest flows
span the entire convection zone; the weaker cells are par-
tially truncated by the strong zonal flows of differential ro-
tation. Nearer to the poles (above roughly ±45◦ latitude) the
patterns are more isotropic. Networks of downflow lanes sur-
round upflows and both propagate in a retrograde fashion.
There is less radial shear and most of the convective cells span
the full convection zone. In the polar regions, the radial ve-
locity patterns have a somewhat cuspy appearance, with the
strongest downflows appearing to favor the westward and lower
latitude side of each convective cell. This may be a conse-
quence of the strong retrograde differential rotation in those
regions.

The convective downflow structures propagate more rapidly
than the differential rotation that they establish and in which they
are embedded. In the equatorial band, these structures move in
a prograde fashion and at high latitudes in a retrograde sense.

Figure 2. Field line tracings of magnetic wreaths in case D5. (a) Snapshot of two wreaths in the equatorial region at day 3880 (time t1), when the magnetic fields
are strong. Lines trace the magnetic fields and color denotes the amplitude and polarity of the longitudinal field Bφ (red, positive; blue, negative); here the view is
restricted to the equatorial region, spanning roughly ±30◦ latitude. Magnetic field threads in and out of two oppositely directed wreaths, with substantial connectivity
across the equator. (b) Side view spanning slightly more than one hemisphere, showing connectivity from equatorial regions to polar caps. Relic wreaths from the
previous magnetic cycle are visible at the poles.
(A color version of this figure is available in the online journal.)
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(Brown+2010)

Recent 3D calculations are able to produce global scale magnetic 
field and cycle (Ghizaru+2010, Brown+2010, Racine+2011, 
Käpylä+2012, Masada+2013, Fan+2014, Warnecke+2015, 
Karak+2015).

5 times larger than solar rotation



High resolution destroys the order
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Diffusivity：η=2.6x1012 cm2 s-1 Diffusivity：η=1.2x1012 cm2 s-1

In small-scale dynamos, stretching is the essential process and the 
smallest scale has largest linear growth rate.
How can the sun maintain the large-scale field with very small 
viscosity(O(1 cm2 s-1)) and magnetic diffusivity(～O(104 cm2 s-1))?

Most solar global dynamo models are carried out in low 
resolutions, i.e., small-scale dynamo is inefficient.
Higher resolution kills the large-scale features.

(Nelson+2014)
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The magnetic energy reaches more than 90% (0.95Beq) of kinetic 
energy at the convection zone in High resolution, while low resolution 
achieved in other studies can maintain 5% of kinetic energy.

Low resolution
High resolution
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Comparison with MURaM
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xmax=0.99Rsun Δx=700 km
xmax=0.96Rsun Δx=700 km
MURaM Δx=32 km (Rempel, 2014)

Vx and Bx from xmax=0.99Rsun

MURaM calculation is nicely consistent with the solar 
observation (e.g., Hinode). At the bottom of MuRAM calculation 
(x=0.97Rsun), Brms=3300 G(MuRAM) and 2500 G(Ours). Although 
our calculation can be influenced by lower top boundary and 
resolution. The agreement is good, i.e., we can assume solar 
convection zone filled with SSD!

Beq

Brms



Summary of introduction
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In global calculations, higher resolution tends to show lower 
energy of mean (global scale) magnetic field. Small-scale 
dynamo should be suppressed.

Photospheric magnetic field requires efficient (almost 
equipartition) small-scale dynamo deep in the convection zone 
in order to be consistent with the solar obsevation.

Large-scale dynamo

Small-scale dynamo

Theoretically (in numerical calculation), they cannot coexist.
Both are necessary to explain observations.



New method for increasing resolution
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In order to avoid severe constraint by fast sound wave in the 
solar convection zone, the anelastic approximation (infinite 
speed of sound), is broadly used. But, frequent global 
communications in parallel computer is needed and scaling is 
limited.
We develop reduced speed of sound technique (RSST), in which 
the speed of sound is reduced (moderate speed of sound and 
easily scales in massive super computer.)
The validity is confirmed in Hotta+2012 (see also Hotta+2015)



Achievement
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Our code is super efficient. Scales up to 663,552 core (full K-
computer) and shows about 24% efficiency to the theoretical peak!



Achievement
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Miesch+2008 Hotta+2014



Further high resolution
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Cases Nr×Nθ×Nφ η, ν [cm2 s-1] Note
Low_D 64x192x384 1x1012 Fan+2014
Medium 64x192x384 N/A
High 256x768x1536 N/A

Initially we put 100 G antisymmetric toroidal magnetic field and 
very small perturbation on entropy. Then calculate 50 years.
The case name “D” has explicit viscosity and magnetic diffusivity, 
without “D”, only numerical diffusivity exists.
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We check if the tendency that the high-resolution kills large-scale 
magnetic field continues even in extremely high resolutions?
Do we miss some important physics?
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Resolution comparison
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vr at 
0.95R

Bφ at 
0.72R

Low_D
ν=κ=1×1012 cm2 s-1

Medium
64x192x384

High
256x768x1536

Coherent magnetic field is generated in Low_D (Fan+2014). When 
effective resolution is increased (Medium), large-scale magnetic 
field seems disappeared. In further high resolution (High), the large-
scale magnetic field seems generated again. We need to see 
butterfly diagram to check the tendency properly.

Low diffusivity



Large-scale magnetic field and cycle
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Low_D
ν=η=1×1012 cm2 s-1
<Emag>=2.9×104 erg cm-3

Medium
64x192x384
<Emag>=1.3×104 erg cm-3

High
256x768x1536
<Emag>=2.4×104 erg cm-3

In the highest resolution, coherent large-scale magnetic field is 
generated even in high Reynolds numbers.
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<Emag>: mean magnetic energy <Bφ> at r=0.72Rsun



Why high resolution creates large-scale?
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Solid：Kinetic energy
Dotted：Magnetic energy

In the highest resolution, the small-
scale dynamo is very efficient and 
small-scale magnetic energy 
exceeds small-scale kinetic energy.

As a result, the Lorentz force 
suppresses the small-scale 
turbulent motion which originally 
destroyed large-scale feature.

Therefore, the large-scale 
magnetic field can be maintained 
even in high resolutions.
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Summary
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Previous calculations indicate that high resolution, i.e., low 
diffusivities, reduces the large-scale magnetic energy.
(Nelson+2013)

In these calculations small-scale Lorentz feedback is not effective, 
due to low resolution.

3D high-resolution MHD calculation shows a recovery of large-
scale magnetic field, with suppressing the small-scale 
turbulence by small-scale Lorentz feedback.


