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Amari et al. (2014)
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Pomoell et al. (2019)
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Figure 8 (a) Magnetic field lines of the flux rope at 00:00 June 13, (b) SDO ATA 131 A EUV image of
approximately the same region as in panel a at the time of the eruption at 13:15 on June 14, The colorbar in
the ALA image has been inverted as compared to the standard one. The red (blue) curves show contours of
+(=) 500 G.
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EXxB-driven method (Kaneko et al. 2021)
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Simulations of sunspots

Rempel & Cheung (2014)
(a) B=10.6 kG (b) B=21.2 kG
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120
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(c),(d) B=21.2 kG but different bottom boundary
conditions to the velocity

The bottom boundary was at -15 Mm.
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Inclusion of deep convection zone

Inum? Vertcal field B vmm?'v + Normalized field ‘x?&)m s!
02 04 05 0. me 12 1410 4.5 00 '[kg_k 1004 02 0 .I'%lllll 04 10 10;”( : lkml(!l

RMHD simulation of flux emergence
(Toriumi & Hotta, 2019)

Code: R2D2 (RSST and Radiation for Deep
Dynamics, Hotta & lijima, 2019)

The bottom boundary was at -200 Mm

O -spot was reproduced.

approach

» 4

downflow

s




Another example using R2D?2
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Hotta and lijima (2020)
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B -type magnetic distribution



What drives the collision of opposite polarity?

Vertical velocity at a certain height (red:downflow, blue:upflow)

Vertical velocity V, [km s']
00.4 -0.2 0.0 0.2 04

Toriumi & y - ' Hotta &
Hotta (2019) s’ e lijima (2020)
s N

: i‘ 203
B, m’]") A.' ‘,—
sspot w KM?&L B-spot

—0.2

"A’ b2 ._;.) , "
' 25 50 75 _O_'f’
x [Mm)] v [lan s~

What is the essential difference?
How can we extract the essence from the complicated velocity field?



Aim & Method

Aim
To reveal the impact of convective flows in the convection zone on the formation of
0 -spot magnetic fields and their energy build-up

Method
Parameter surveys (93 cases) by RMHD simulations and a statistical analysis




Simulation settings

1. Reproduction of solar convection
without magnetic field (achieving
statistical equilibrium)

2. Introduce a flux tube

o

flux transport

« Numrcial code: R2D2
(Hotta & lijima, 2019)

e Grids:
horizontal: 768 x 768 (uniform)
depth: 512 (nonuniform)



Basic equations

o __1

3 = §2V-(pv),

» RSST parameter

0 1
a; (PV) ==V - (pvv) = Vp, — pige; + — (V x B) x B,

aB_V B)
?— X(UX ’

9s; _ _— : Solving Radiative Transfer Eq.
pT Y =pT (v V)s Radiative heating <«— (only in z-direction)

P1 = pi1(p,s), Equation of State (OPAL, Rogers et al., 1996)

p=\Pot Pr- , Background stratification

(Model S, Christensen-Dalsgaard, 19906)
P = Po + P,
S = SL'F'S"

(Hotta & lijima, 2019)
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Supercomputer Fugaku (=

Supercomputer Fugaku (@RIKEN, Japan)

Rmax Rpeak Power
Rank System Cores (PFlop/s) (PFlop/s) (kW)
1 Frontier - HPE Cray EX235a, AMD Optimized 3rd 8,699,904 1,194.00 1,679.82 22,703
Generation EPYC 64C 2GHz, AMD Instinct MI250X,
Slingshot-11, HPE
DOE/SC/0ak Ridge National Laboratory
United States
2 Supercomputer Fugaku - Supercomputer Fugaku, 7,630,848 442.01 537.21 29,899
Ab4LFX 48C 2.2GHz, Tofu interconnect D, Fujitsu
RIKEN Center for Computational Science
Japan
3 LUMI - HPE Cray EX235a, AMD Optimized 3rd 2,220,288 309.10 428.70 6,016

Generation EPYC 64C 2GHz, AMD Instinct MI250X,
Slingshot-11, HPE

EuroHPC/CSC

Finland




Typical case of 0-spot formation

Vertical velocity (Red: downflow, Blue: upflow) Magnetic field strength
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Parameter survey

Vertical velocity at a certain height

Parameters of the initial flux tube (a) 2 = —22 Mm
‘ A o 031
. . e  aa . oo 0.8
» Field strength: fixed P et e e N
« Twist: fixed T o St
+ Horizontal positions: 31 cases _ o0 e et e 021
(changed uniformly by 3 Mm) »2‘5 e O R | = i
« Depth: 3 cases (-22, -26, -30Mm) o 10 s :3" 23 3 '
. MR~ o 7011
@ 20 = e ()G
S f‘b' ' . >3
total 93 cases £ — | 001 v, [kn_]0'8




Results of parameter survey

Various kinds of magnetic distributions were created only by the
difference in the convective flows surrounding the flux tubes.




Nonpotential field (as a proxy of free energy)

B,@t =1

80

60

Z[Mm]

40

20

0
0 20 40 60

y [Mm]

—2000 —-1000 0 1000
Bx [G]

z[Mm]

Nonpotential field

Bnp = |B - Bpotl
80
60
40

20

0
0 20 40 60 80

y [Mm]

B 2

0 500 1000 1500 2000 2500 3000
Nonpotential field [G]




Distribution trend of By, : {(z),}
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Seeking for relationship with convective flows

Mean v, at different heights

(a) z = —2.0 [Mm] (b) z=—10.0 [Mm] <<Bnp>t> at the phOtOSphere
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Seeking for relationship with convective flows

Vertical velocity:« v, >»
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Correlations: ((s,,),)  vs v, v

case

Correlation Coefficients (CCs) at different depth

correlation coefficient

0.8 1 — vs W,
- VSl)h
04 7] — VS <<Uz>t>case
0.0' °
—0.4-
0.8
200 150 100 —50 0

Black: ((Bup),) Vs {(v,))

case case

— max |CC| ~ 0.7: good correlation

case

Red: <(Bnp)t> VS ((Vp, - v)y)

case

— max |CC| ~ 0.3: weak correlation

case

Blue: <(Bnp)t> vs ({(VXv),)¢)

case

— max |CC| < 0.1: no correlation



Convective flows (lowpass filter applied)

Vertical velocity: v,
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Horizontal divergence: vV, - v
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correlation coefficient

vs ((v,)¢) .. (lowpass filter)

(@) CCs at foytors = 1.44x107% Mm ™1

. 1CC|>0.8inz>-50 Mm (max |CC| ~ 0.9)
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correlation coefficient

Very good correlation

(b) CCs as a function of z and f. ot

CC is the maximum at f.yto = 1.44%x1072 Mm ™1
(~70 Mm)



t>case (lowpass filter)

(@) CCs at foytors = 1.44x107% Mm ™1
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(b) CCs as a function of z and f. ot

CC is the maximum at f.yto = 1.44%x1072 Mm ™1
(~70 Mm)
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correlation coefficient

2 [Mm]

(a) <<Bnp>t>case vs W,
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VS <<(va)z>t>case (lowpass filter

(@) CCs at foytors = 1.44x107% Mm ™1

|CC| does not exceed 0.4.

107 (b) CCs as a function of z and f. ot
%10”_ |CC| does not exceed 0.4.

g
51013%; Not good correlation



Interpretation

corona
Energy
build-up
L O O O O O O O photosphere
Related Flux transport:
Gathering to downflow region
\ by converging flow

strong downflow
large-scale convection

P » Within one supergranular cell?




correlation coefficient

Prediction of high free energy region?

—0.4 1

—0.7 7
—0.9 1

VS v, Vh-v att=20

- vs Dy

= V8 ({V2)t)case

— vs Vi -vp(t =0)
— vs v,(t =0)

™~
N~
Seaa~

—200 —150 —100 —50

At t = 0, convection flows are not
affected by magnetic fields

v,, Vv at fegtore = 1.44X107% Mm ™1
have still high CC values (~0.7)

The times when the flux emerged in
the photosphere were t~20 — 30 hr

We can constrain high free energy
region from the downflow plume
even before flux emergence
(leading time ~ 1 day?)
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