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ABSTRACT

The cnergence of magnetic flux from the deep conveetion zone plays an fmportant role in the solar
magnetism, such as the generation of active regions and triggering of various eruptive phenomena,
including jets, flares, and coronal mass ejections. To HiNcStiBatCIICICHCCISIONASHCtICRIS IO NI
BHISEESIG:. we performed numérical Simulations of flux tube emergence using the radiative magnetohy-
drodynamie éode R2D2and conducted a systematic survey on the initial twist. Specifically, we vliga
instability. As  result ETETESENTRNAE .. -
and reached the phofosphere to create suspos. However. - -
twist measured in the photosphere conserved the original twist relatively well. nul wars conpurablc

to actual solar observations. Even_in the iifisted-caseanfinite mmountiof fagnetieielictyas
mjectediintd the upper atmosphere because the background turbulénce added helicity. However JSSH
the initial twist exceeded the critical value for kink instability. the magnetic helicity normalized by the
total magnetic flux «. indicating that the kink
active region~.

Keywords: Magnetohydrodynamics (1964) — Solar magnetic fields (1503) — Solar interior (1500) —

Sunspots (1653) — Solar flares (1496) — Solar coronal mass ejections (310) — Emerging

flux tubes (458)

1. INTRODUCTION

In the generally-accepted scenario of the solar mag-
netism, sunspots and active regions (ARs) are formed by
the emergence of a toroidal flux tube from the deep con-
vection zone, which is amplified by the dynamo mech-
anism (flux emergence: Parker 1955; Babcock 1961).
The spots inject magnetic helicity into the corona, and
the excess magnetic energy (free energy) stored in the
corona is released as solar flares through the close in-

Corresponding author: Shin Toriumi
toriumi.shin@jaxa.jp

terplay between magnetic reconnection and magnetohy-
drodynamic (MHD) instability (Priest & Forbes 2002;
Fletcher et al. 2011; Shibata & Magara 2011; Toriumi
& Wang 2019). This indicates that the twisting of the
emerging flux is one of the most critical physical param-
eters in the entire life cycle of the generation, transport,
and release of a magnetic field (Archontis 2008; Cheung
& Isobe 2014; van Driel-Gesztelyi & Green 2015; Fan
2021).

For instance, it has been suggested that the flux tube
in the interior must have sufficient twisting to maintain
its integrity so that it can successfully reach the pho-
tosphere. Without a twist, the magnetic flux would be
stripped away by the counteracting flow while the tube
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2 TORIUMI ET AL.

rises in the interior (Schuessler 1979; Moreno-Insertis
& Emonet 1996; Emonet & Moreno-Insertis 1998) (see
Section 5.3 of Fan 2021, for a thorough discussion).
According to the series of three-dimensional (3D) flux
emergence simulations, as pioneered by Fan (2001), Ma-
gara & Longcope (2003), and Archontis et al. (2004),
the flux tube appearing in the photosphere forms a pair
of flux concentrations of positive and negative polarities,
and due to the tube’s twist, these polarities show a yin-
yang pattern called magnetic tongues (Luoni et al. 2011;
Poisson et al. 2015) in the photospheric surface. As the
flux tube continues to emerge, the tilt angle of the two
spots varies, whereas the spots themselves show rota-
tional motion (Sturrock et al. 2015). These photospheric
motions together inject free energy and magnetic helicity
into the corona (Magara & Longcope 2003). Parameter
surveys in which the twist strength of the initial subsur-
face flux tube was varied were conducted to study how
the characteristics of the emerging flux and resultant AR
depend on the twist (for example, Murray et al. 2006;
Toriumi et al. 2011; Toriumi & Yokoyama 2013; Sturrock
& Hood 2016). These surveys commonly show that the
rising speed, spot rotation, and free-energy injection into
the corona are more pronounced for a stronger twist.
The long history of solar observations has revealed
that ARs that produce massive flares are prone to com-
plex morphologies (Toriumi & Wang 2019). Of partic-
ular importance is that sunspots in which umbrae of
the positive and negative polarities are closely adjoined
and surrounded by a single penumbra, called §-spots,
show outstanding flare activity (Kiinzel 1960; Sammis
et al. 2000; Toriumi et al. 2017). One of the forma-
tion processes suggested for d-spots is the kink instabil-
ity of the emerging flux tube owing to its strong mag-
netic twist (Tanaka 1991; Linton et al. 1996, 1999). Fan
et al. (1998, 1999) performed 3D flux emergence simu-
lations within the convection zone and showed that a
flux tube with the initial twist strength exceeding the
critical value for kink instability becomes deformed as it
rises, which occurs as a result of the twist about the tube
axis converting to the writhe of the axis itself. Takasao
et al. (2015) showed that when a kink-unstable flux tube
reaches the photosphere, it displays two strongly rotat-
ing spots and complex magnetic field structures resem-
bling the observed d-spots. Toriumi & Takasao (2017)
also demonstrated that ARs formed by kink instability
could inject the largest free energy of the four types of
flux emergence processes suggested for flare-productive
ARs (Toriumi et al. 2017). Knizhnik et al. (2018) fur-
ther extended the simulations with extreme twists of up
to four times the critical value for instability, revealing
that the magnetic structure became far more compli-

cated. However, these numerical simulations did not
account for the effects of the intense buffeting of exter-
nal thermal convection; therefore, the actual results are
unclear.

The AR formation by convective flux emergence was
modeled by Cheung et al. (2010) and Rempel & Cheung
(2014). However, they introduced flux tubes kinemati-
cally from the bottom boundary located only at a depth
of 15 Mm, which leaves the open question of how deep
large-scale convection cells affect the flux tubes (see also
Chen et al. 2017). This drawback is overcome by the
radiative MHD code R2D2; which can self-consistently
reproduce thermal convection of various scales over the
entire convection zone from the bottom (—200 Mm) to
the photosphere (Hotta et al. 2019). Using this code,
Hotta & Tijima (2020) performed flux emergence sim-
ulations and examined the magnetic and velocity field
structures of the reproduced sunspots including penum-
brae. Through the interaction of magnetic field and
thermal convection, penumbral structures are naturally
formed around the umbrae in the photosphere. Toriumi
& Hotta (2019) and Hotta & Toriumi (2020) modeled
the spontaneous generation of §-spots, in which umbrae
of opposite polarities are enclosed in a single penum-
bra, as a result of the collision of positive and negative
polarities (see also Kancko et al. 2022).

One of the most recent findings from R2D2 flux emer-
gence simulations was reported by Toriumi et al. (2023),
who revealed that even when the initial flux tube is un-
twisted, it can reach the photosphere, aided by large-
scale convective upflows, and inject finite (non-zero)
magnetic helicity into the upper atmosphere. Detailed
analysis showed that vortices developed just below the
sunspots, which rotated the vertical magnetic fluxes to
supply magnetic helicity to the atmosphere. While the
emergence of untwisted flux tube was previously calcu-
lated by Knizhnik et al. (2021) using semi-torus flux
tubes (Hood et al. 2009) as the initial conditions, Tori-
umi et al. (2023) demonstrated that an untwisted hor-
izontal flux tube in a convective circumstances was ca-
pable of reaching the photosphere. Furthermore, us-
ing the flare prediction scheme proposed by Kusano
et al. (2020), they showed that the injected magnetic
energy of the untwisted flux tube was sufficient to ex-
plain the medium-sized solar eruptions. These results
present a new perspective of thermal convection as a
non-negligible supplier of magnetic helicity to flare erup-
tions.

The purpose of this study is to extend the calculations
in Toriumi et al. (2023) to investigate the dependence of
convective flux emergence on the magnetic twist. Specif-
ically, we surveyed the characteristics of the generated
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ARs by varying the twist strength of the initial flux tube,
including those exceeding the threshold value for kink
instability, and provided theoretical constraints on the
physical state of the subsurface emerging flux.

The remainder of this paper is organized as follows.
We introduce the numerical setup in Section 2, and ex-
plain the analysis in Section 3. Section 4 presents the
results of the analysis. Finally, the results are summa-
rized and discussed in Section 5.

2. NUMERICAL SETUP

The basic numerical setup is consistent with that
adopted by Toriumi et al. (2023). We used the radiative
MHD code R2D2 (Hotta et al. 2019), which solves the
radiative transfer and equation of state by employing the
reduced speed-of-sound technique (RSST) (Hotta et al.
2012, 2015; Tijima et al. 2019). The basic equations are
as follows.

TGV V), (1)
O Y (0VV) - Vir+prg + = (V% B) x B
%—?:VX(VXB), (3)
T I (V V)5 + Q. (1)
p1=p1(p,s), (5)

where p, V, B, p, T, s, g, @, and £ are the density,
velocity, magnetic field, gas pressure, temperature, en-
tropy, gravitational acceleration in the vertical (z) di-
rection, radiative heating, and the RSST factor, respec-
tively. The subscript 1 indicates the perturbation from
the stationary stratification in the z-direction, which is
indicated by the subscript 0, namely,

pP=po+ p1, (6)
P=po + D1, (7)
s=809+ s1. (8)

The background stratification was based on Model S
(Christensen-Dalsgaard et al. 1996), while in Equation
(5), we used the equation of state considering the partial
ionization effect following the OPAL repository (Rogers
et al. 1996). The radiative transfer equation was solved
by employing the gray approximation and Rosseland
mean opacity. In the present setup, only the upward
and downward radiative transfers were considered. The
RSST factor £ was introduced to suppress the fast sound
speed in the convection zone so that the computation
was accelerated:

£(z) = max (1,50 ) " ”) )
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Figure 1. (Top) Vertical profiles along the z-axis of the
initial background gas pressure p (thin solid), density p
(dashed), and temperature T (dash-dotted), normalized by
their photospheric values. Overplotted by the thick solid
line is the magnetic pressure, pmag = BZ/(87), along the
vertical axis crossing the flux tube center for the case of
q/ger = 0. The typical values in the photospheric level
are pph = 6.6 X 10* dyn cm™2, pph = 1.8 X 1077 g em ™3,
Ton = 5500 K. (Bottom) 3D volume rendering of the total
magnetic field strength, |B| = (B2 + B} + B%H'Y2 for the
q/qer = 0 case at t = 0 hr. The 2D slice near the top presents
the emergent intensity.

where & = 160 was adopted. p, = 0.2 g cm™> and

cp = 2.2 x 107 cm s~ are the density and sound speed
around the bottom of the convection zone, respectively,
while ¢s = 1/(9p/0p)s is the local adiabatic sound speed.

We conducted the convection simulation with-
out introducing magnetic fields in a 3D Carte-
sian domain with an extent of (Lg, Ly, L.) =
(98.3 Mm, 98.3 Mm, 201.7 Mm), which was resolved by
a 1024 x 1024 x 384 grid, until the convection reached
statistical equilibrium (see the top panel of Figure 1).
The bottom boundary was located at 201 Mm below the
mean 7 = 1 surface (that is, the z = 0 layer), whereas
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the top boundary was 700 km above the 7 = 1 sur-
face. The grid spacing in both horizontal directions was
Az = Ay = 96 km (uniform). The spacing for the verti-
cal direction was Az = 48 km from the top boundary to
z = —5.6 Mm, and it linearly increased to Az = 1486 km
at the bottom boundary. A periodic boundary condition
was applied in both the horizontal directions, whereas a
potential field condition was used for the magnetic field
at the top boundary.

Thermal convection was excited as a result of the en-
ergy input at the bottom boundary of the Cartesian box
and the radiative transfer. The amount of injected en-
ergy at the bottom boundary was equal to the energy
flux density in the solar photosphere. In the actual so-
lar convection zone, due to the curvature effect, the en-
ergy flux density is radius-dependent and increases with
depth, which is adjusted in the R2D2 code by control-
ling the radiation diffusion coefficient. As a side effect,
the thermal convection velocity may differ from reality.
However, the error is sufficiently small because the con-
vection velocity only depends on the energy flux density
to the power of 1/3. In addition, it was confirmed that
the energy flux is almost constant in the z-direction in
the R2D2 simulations (see Figure 3 of Hotta et al. 2019)
because the loss of kinetic and magnetic energies dissi-
pated by the artificial viscosity is transformed into an
increase in internal energy.

We then introduced a horizontal magnetic flux tube
oriented in the z-direction and defined this timing as
t = 0. The magnetic field in the initial flux tube has the
following form:

2
B, (r) = By exp (-122), (10)
tb

and
By(r) = qrBy(r), (11)

where By, 7, ¢, Rip, and g denote the axial field
strength, radial distance from the tube axis (ytb, 2tb),
ie, 7= [(y — yn)? + (2 — 2)?]"/?, azimuth direction
about the tube axis in the y—z plane, typical tube ra-
dius, and the twist strength, respectively. This type
of Gaussian flux tube has been used in many previ-
ous flux emergence simulations referred to in Section
1. The center of the tube was placed at (ysp, 2th) =
(61.5 Mm, —22.0 Mm), while the typical radius was set
to be Ryp = 8 Mm. (see Figure 1).

The entropy inside the flux tube was adjusted so that
the internal gas pressure was enhanced by

o = 20 2 (B2) i (<o) an

whereas the density was kept the same, which allowed
the tube to have no magnetic buoyancy at ¢ = 0. In
other words, the tube was advected by external flows.

We varied parameter g to investigate the effect of
the initial twist. In the remainder of this paper, we
use the twist strength normalized by its critical value
for kink instability. According to Linton et al. (1996),
the critical twist for kink instability for a Gaussian
flux tube is given by ¢o, = 1/Ryp = 0.125 Mm™*
(at the beginning of the simulation at t = 0). We
investigated nine simulation cases, in which ¢/q¢., =
[—2,—-1,-1/2,-1/4,0,1/4,1/2,1,2]. A positive (neg-
ative) value of ¢/q. indicates a right-handed (left-
handed) twist, and the cases with |¢/ge:| > 1 are kink-
unstable.

However, increasing the flux tube twist while main-
taining the axial field B, enhances the azimuthal field
By, and thus, the total magnetic energy,

BQ
Buss = [ gV, (13)
differs in the simulation cases. Therefore, for a fair com-
parison, we also controlled the axial field strength at the
tube center By, such that the magnetic energies Eyag
were the same throughout the models.

Table 1 summarizes the simulation cases and parame-
ters of the initial flux tubes, including the magnetic flux
within the (y, z) cross-section:

®, = /Bm ds. (14)

3. ANALYSIS

The magnetic and velocity fields on the photospheric
surface were measured. However, because the velocity
at the z = 0 layer (i.e., the mean 7 = 1 layer) was per-
turbed by strong downflows, the quantities were mea-
sured at z = 200 km,! where the velocity structure was
somewhat relaxed. We applied 6-hr moving averaging
to all time-variation data.?

The total unsigned magnetic flux in the photosphere
is defined as

o= [ |B.|as, (15)
S

1200 km is an approximate pressure scale height near the photo-
sphere.

2 The 6-hr smoothing window was chosen because it was longer
than the time scales of convective fluctuations (a few 10 min to a
few hr) but still shorter than the typical emergence duration (30
to 40 hr).
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Table 1. Simulation cases and flux-tube parameters

Case Biw R q/qer

(kG)  (Mm)

mHm @ 6 @
1 71 80 -2
2 100 80 -1
3 115 80 —1/2
4 121 80 —1/4
5 122 8.0 0
6 121 80  1/4
7 115 80  1/2
8 100 8.0 1
9 71 80 2

q O
(Mmfl) (Mx)
(5) (6)
—0.25 1.40 x 10?2
—0.125 1.97 x 10?2
—0.0625  2.28 x 10?2
—0.03125 2.38 x 10?2
0 2.42 x 10?2
0.03125 2.38 x 10?2
0.0625  2.28 x 10?2
0.125 1.97 x 10?2
0.25 1.40 x 10?2

NoOTE—The total magnetic energy is set to be 5.85 X
1034 erg for all cases. Cases 5, 6, and 7 correspond to the
non-twisted, weakly-twisted, and strongly-twisted cases,
respectively, in Toriumi et al. (2023).

whereas the flux growth rate was obtained by taking
its time derivative, d®/dt. The sunspot area, Agpot,
was measured as the area where the emergent intensity
was less than the 90% of the quiet-Sun average, I <
0.91y. The spot area is typically expressed in millionths
of the solar hemisphere (MSH), which is equivalent to
3.0 x 10° km®.

To quantify the degree of magnetic field twisting, the
twist parameter « is often used, which is the ratio be-
tween the electric current density J = V x B and mag-
netic field B, or, V x B = aB. It is assumed here that
the vectors V x B and B are parallel. From each photo-
spheric magnetogram, we calculated the twist parameter
a averaged over the entire horizontal extent (Longcope
et al. 1998):

a0 = <é—> (16)

We also considered two forms in which the weighting
function was changed (Hagino & Sakurai 2004), namely,

o) — (J.sgn(B:))
av <|BZ‘> (17)
and
a(2) — <BZJZ>
av <B§> : (18)

Although aé?,) through ag,) are all parameters in which
(J.) is normalized by (B.), there is a difference in

the way the weighting by B, is given. Owing to this
difference, ag, is the most sensitive to strong B, re-
gions. To measure .y, we used only grid points where
|B.| > 100 G.

As the flux tube emerges, magnetic helicity,

HRZ/(A+AP) (B - B,) dV, (19)

is injected into the atmosphere through the photosphere
(Berger & Field 1984; Finn & Antonsen 1985), where A
is the vector potential of the magnetic field B (that is,
B =V x A) and B, denotes the potential magnetic
field. Following Berger & Field (1984), the time deriva-
tive of Equation (19) is expressed as

dHg

—=-2|FE-B
-2 [BBW

+2/ (A, Bu) V. — (A, - V) B.] dS
S

-2 : aa—\pr -ndS, (20)
where U is the solution of V¥ = 0 (satisfying B, =
V¥). The first term of the right-hand side vanishes
assuming the ideal MHD and the third term vanishes if
used for the planer boundaries, both of which are true
for the present simulations. Therefore, the reduced form
of Equation (20), i.e., the magnetic helicity flux for the
ideal MHD, which we measured in the photosphere, is

F, = 2/ [(Ap - Bp) V. — (A, - V) B.] dS. (21)
S
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Integrating it over time, we obtained the net injected
magnetic helicity:

t
AHg = / E,dt. (22)
0

Although the helicity conservation may not be strictly
satisfied due to numerical dissipation, top boundary con-
dition, etc., the above proxy was used to estimate the
amount of total injected helicity. It has been suggested
that injection of magnetic helicity (i.e., time variations
of F, and AHR) has a close relation with the occurrence
of flares (e.g., Moon et al. 2002a,b; Kusano et al. 2002,
2012; Park et al. 2010, 2012; Jing et al. 2012; Thalmann
et al. 2019). To calculate the vector potential A,, we
adopt the method proposed by Chae (2001).

To estimate the injection of magnetic energy into the
atmosphere, we measured the Poynting flux across the
photosphere:

1
S, = —/ [BﬁVz —(Bp - Vh)BZ} ds. (23)
4 S
The injected magnetic energy can be obtained by inte-
grating this over time:

t
Ernag = / S, dt'. (24)
0

4. RESULTS
4.1. Qwerall evolution

Figure 2 and the corresponding animation show the
temporal evolutions in the photosphere for the nine
simulation cases, in which the vertical field strength,
B., emergent intensity, /Iy, and helicity flux density,
2[(Ap - Bn)V: — (Ap - V) B,], namely, the integrand
of Equation (21), are plotted. The 3D view of the total
magnetic field strength, |B| = (B2 + B2 + B%)'/?, and
emergent intensity map for the case of ¢/q., = 0 are
shown in Figure 3. The animated version provides the
temporal evolution.

In the initial phase, weak magnetic fields are scattered
in the photosphere owing to the turbulent dispersal of
the rising flux tube. Soon after, from approximately
t = 20 hr, as the large-scale upflow pushes up the flux
tube, the main body appears in the photosphere as a
pair of positive and negative polarities, which fill the
entire domain with a yin-yang pattern. Like in previous
simulations in Section 1, at first, the direction of the
separation, or the sunspot tilt, is not necessarily aligned
in the z-direction (see snapshots at ¢ = 27 hr), but is
gradually shifted toward it (for example, ¢ = 34 hr).

It should be noted that even in the untwisted case
(¢/ger = 0), the tilt angle clearly deviates from the a-
direction owing to the strong influence of turbulence on

the emerging flux in the convection zone (Toriumi et al.
2023). From this result, we learn that it is incorrect to
interpret just by seeing a yin-yang pattern in the photo-
sphere that the emerging flux is twisted in the convection
zone.

In all cases, from approximately ¢ = 30 hr, owing to
the periodic boundary condition, the positive spot es-
capes from the left boundary (z = 0) and returns to
the domain from the right boundary (z = 98.3 Mm).
The positive spot collided with the negative spot and
eventually formed a d-spot (around ¢ = 50 hr). The col-
lision angle of both polarities and degree of spot rotation
depend on the tube twist.

Injection of magnetic helicity occurs mainly around
the spots, although the injection is apparently stronger
in the penumbrae and polarity inversion lines between
the colliding spots than that in the umbrae. The sign
of magnetic helicity injection appears to be dominated
by positive (red) for cases with ¢/g. > 0 and negative
(blue) for q/qer < 0.

Another factor that is dependent on the twist is the
spot decay. The magnetic flux for the untwisted case
(¢/ger = 0) is almost completely diffused by ¢t = 70 hr,
whereas cases with stronger twists maintain their co-
herency, indicating that the flux tube twists protect the
flux in the spots from being stripped away by the sur-
rounding turbulence. It should also be noted that the
cases with the strongest twists (¢/ger = £2) have more
scattered magnetic fields than that of the other cases.

The properties of the emerging fluxes and their de-
pendence on the flux tube twist are further investigated
in the following subsections.

4.2. Magnetic flur and sunspot area

The top panels of Figure 4 show the temporal evolu-
tion of the total unsigned flux ® and flux growth rate
d®/dt in the photosphere. It can be seen that the emer-
gence occurs in two stages. That is, during ¢ < 20 hr,
the small-scale turbulence around the initial flux tube
strips the surface of the tube and, thus, these fragmen-
tary fluxes appear on the photosphere before the main
body of the flux tube emerges. Then, after ¢ = 20 hr,
the total flux breaks out, and the flux growth rate peaks,
indicating that the main body of the flux tube appears
on the photosphere.

In the bottom panels of Figure 4, the maximum sur-
face fluxes max (®) differ by a factor of two between
the simulation cases. Contrary to the expectation that
max (®) increases with the twist, the cases with the
largest twists (¢/ger = £2) do not show large values
of max (®), and in particular, the case of ¢/q; = —2
has the smallest flux growth rate max (d®/dt), as shown
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Figure 2. The vertical field strength, emergent intensity, and helicity flux density for the nine simulation cases with ¢/ = —2

to 2. Shown are the time steps at ¢ = 27.0 hr, 36.0 hr, and 50.0 hr. The animated version of this figure shows the time evolutions
from ¢t = 0.0 hr to 120.0 hr. The video duration is 16 seconds.
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Figure 3. 3D rendering of the total magnetic field strength at ¢ = 24.0 hr for the case of q¢/ger = 0 is shown with the emergent

intensity map in 2D slice near the top. The animated version of this figure shows the time evolutions from ¢t = 0.0 hr to 60.0 hr.
The video duration is 8 seconds.
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Figure 4. (Top) Temporal evolutions of the total magnetic flux, ®, and the flux growth rate, d®/dt,
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in the photosphere.

(Bottom) Their peak values as a function of the initial flux tube twist, q/gcr.

in Figure 1. This can be attributed to the weak field
strength in these cases. To ensure that the magnetic
energies were the same for all cases, the initial axial
field for these two cases was set to be By, = 7.1 kG.
However, the equipartition field strength at this depth
(ztb = —22 Mm) was on average Beq = 6.5 kG, where
B2 /(8m) = pV?/2. Given that we used Gaussian-type
flux tubes, as in Equations (10) and (11), we expect that
the azimuthal component in these cases will help main-
tain the coherency of the tube. However, because By
and thus the field strength of the entire flux tubes are
weak, approximately comparable to B.q, they are eas-
ily collapsed by the external turbulent flows, and as a
result, yield less pronounced magnetic fields in the pho-
tosphere.?

The magnetic flux curve peaks after ¢ = 30 hr and then
decays. However, there is diversity in the flux evolution,

3 To verify this hypothesis, we also tested two extreme cases where
the twists were ¢/ger = £4 and the corresponding axial field
strength was B, = 4.1 kG, and found that the total magnetic

flux in the photosphere, max (®), was even smaller.

500
400 F
300F

200F

Sunspot area A, [MSH]

Magnetic flux max(®) [10% Mx]

Figure 5. Maximum photospheric magnetic flux, max (®),
and the corresponding sunspot area, Aspot, for the nine cases.
The straight line is the linear fit to the eight data points
except for the untwisted flux tube, q/qer = 0, which is located
much below the linear proportionality line.

such as cases where the peak lasts for a long time and
cases where it decreases rapidly.
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Figure 6. Flux growth rate, d®/d¢t, versus total magnetic
flux, ®, for various observations and the present nine simu-
lation cases. The observed values are adopted from Otsuji
et al. (2011), Toriumi et al. (2014a), Norton et al. (2017),
and Abramenko et al. (2017). The straight lines are the
power-law fits to the observations: d®/dt o~ ®°°7 (Ot-
suji et al. 2011), d®/dt oc ®°3¢ (Norton et al. 2017), and
d®/dt oc 8 (Kutsenko et al. 2019).

Figure 5 compares the maximum magnetic flux,
max (®), and the sunspot area, Agpot, at the time of
max (®), for the nine cases. In most cases, the two pa-
rameters show a linear proportionality indicated by a
straight line. However, it is clearly seen that the un-
twisted case (g/ger = 0) falls significantly below the pro-
portionality line, which indicates the tendency that an
emerging AR with a weaker twist is more scattered, and
thus, has a smaller amount of magnetic flux within the
spots.

To examine if the simulation results can be justified,
Figure 6 compares the total flux, ®, and the flux growth
rate, d®/dt, for the present simulation cases and the
actual observations (Otsuji et al. 2011; Toriumi et al.
2014a; Norton et al. 2017; Abramenko et al. 2017; Kut-
senko et al. 2019). Norton et al. (2017) showed that nu-
merical models tend to exhibit higher flux growth rates
than observed values. Figure 6 indicates that this is also
true for the present simulation results (see also Kaneko
et al. 2022). However, Sun & Norton (2017) reported the
flux growth rate of 4.93 x 1020 Mx hr~! with a maximum
of 1.12 x 102! Mx hr™?! for a total flux of 6.08 x 1022 Mx
in NOAA AR 12673, which does not differ significantly
from our simulation results, considering that the plotted
results are the peak values, max (®) and max (d®/dt).
Therefore, we conclude that the present simulations ad-
equately represent the Sun.

4.3. Magnetic twist

To examine how much of the twist in the initial flux
tube was successfully transported to the photosphere
by flux emergence, in Figure 7, we plotted the temporal

variations of the three twist parameters, ozg?,), a(a%,), and

al? (Equations (16)—(18)). The peak values are also
shown as the function of the initial flux tube twist, ¢/qc;-

We observe that max (a,y) tends to decrease from agg,)

to ag%,). Considering that a;(fv) puts the largest weight to
the strong-field pixels, this tendency may indicate that
the weak-field pixels have a relatively large amount of
magnetic twist.

Contrary to the previous study by Knizhnik et al.
(2018), who reported that they could not find any clear
dependence on the initial twist, Figure 7 shows that for
each type of parameter, the peak value of a,, exhibits
a profound dependence on ¢. For a uniformly twisted
flux tube, such as those adopted in this study, the re-
lationship between the twist parameter a and the flux
tube twist ¢ is given by a = 2¢ (Longcope & Klapper
1997), as indicated by the solid straight lines. For a
smaller |g|, the measured «,, roughly follows this theo-
retical line, which means that the flux tubes conserve the
original twists throughout the emergence. However, o,y
becomes saturated for higher values of |g| and deviates
from the theoretical line. This could be attributed to the
less successful emergence of strong-twist cases (see Sec-
tion 4.2), or may be because the background turbulence
stripped away the magnetic twist from the flux tube
during emergence. An alternative possibility is that,
because the upper boundary of the computational box,
which assumes the potential field condition, is close and
only 500 km above, it mitigates the magnetic twist that
was transported from the subsurface domain.

Measurements of a,, on actual solar ARs have shown
that agy is typically in the order of 0.01 to 1 Mm™*
(for example, Leka et al. 1996; Hagino & Sakurai 2004;
Zhang et al. 2010; Otsuji et al. 2015; Kutsenko et al.
2019; Levens et al. 2023). Although we found in our
simulations that the a,, values can vary by a factor (but
by less than one order) depending on the choice of the
weighting function, the obtained «,, values are within
the range of the actual observations, regardless of the
choice.

4.4. Magnetic helicity

In Toriumi et al. (2023), we compared the cases of
q/qer = 1/2, 1/4, and 0 and found that all cases in-
jected positive magnetic helicity, even for the untwisted
case. The background convection was identical to that
in the present model, in which solar rotation was not
considered, and it was coincidental that the sign of the
injected helicity was positive for the three cases. What
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Figure 7. Temporal evolutions of the twist parameters, ag‘i), a;& and a;(f,), and their peak values measured between ¢ = 10 hr
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the greatest negative values in the curves. The straight lines show the theoretical relation for the uniformly twisted flux tubes,
a = 2q (Longcope & Klapper 1997).
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will then be the sign of magnetic helicity when the twist
of the initial tube is negative?

The time variations of the helicity flux, F,, and to-
tal injected helicity, AHg, are shown in the top pan-
els of Figure 8. If we exclude the strongest twist case
(¢/qer = 2), the peak values reduce as the twist strength
decreases, and AHg reaches 2.1 x 10** Mx® s=! (that
is, non-zero) for the twist-free case (¢/ger = 0). Inter-
estingly, for ¢/q.. = —1/4, both F, and AHy variations
show a temporal excursion to the positive side at approx-
imately t = 40 hr, followed by an enhancement toward
the negative side. This implies competition between the
positive helicity added by the background convection
and the counteracting negative magnetic helicity of the
original flux tube.

The positive magnetic helicity owing to convection is
clearly shown in the bottom panels of Figure 8, which
show the peak values of the helicity flux, max (F}), and
injected helicity, max (AHg), for all nine cases. The
values are biased toward the positive side in most cases,
including ¢/ge; = 0. However, in the strongest twist
cases, for both positive and negative q/¢c,, helicity in-
jection appears to weaken, probably due to the reduced
emerging magnetic flux (see Figure 4).

In this study, we varied the twist of the initial flux
tube over a broad parameter range from zero to exceed-
ing the threshold for kink instability. To examine the
validity of these calculations, we normalized the maxi-
mum magnetic helicity by the maximum magnetic flux,
max (AHR)/max (®)? (see discussions in Démoulin &
Pariat 2009; Toriumi & Park 2022), and compared that
with the observed values, which is summarized in Figure
9.

Observations show that the typical value of the nor-
malized helicity, AHg/®?, is of the order of 0.01
(LaBonte et al. 2007; Sun et al. 2024), and even for the
super-flaring ARs, the values are like < 0.04 (NOAA
AR 11158), = 0.05 (AR 12192), and ~ 0.06 (AR 12673)
(Thalmann et al. 2019; Moraitis et al. 2019); that is,
at most 0.1 (indicated by the shade in Figure 9). Our
simulation shows that flux tubes with |¢/gc,| = 1/2 al-
ready yield a normalized helicity of > 0.1; that is, they
exceed the observed values for flaring ARs. Using even
larger initial twists would result in a helicity injection
far above the observed values. Therefore, setting the
twist strength above the threshold for the kink instabil-
ity (|¢/ger| > 1) may not be realistic.

4.5. Magnetic energy

The temporal evolutions of the Poynting flux S, in-
jected magnetic energy Ep,.q, and their peak values are
shown in Figure 10. The Poynting flux shows time

profiles similar to those of the flux growth rate, d®/dt
(Figure 4), but with a higher variation between differ-
ent twist cases. The peak values of the Poynting flux,
max (S, ), were highest for ¢/g., = 1 and 1/2. However,
interestingly, the ¢/q; = —1 case shows a large peak
value of the magnetic energy, max (Eyag), because of
the continued injection of the Poynting flux, although
its peak value, max (S,), is not necessarily large.

Overall, as the twist ¢/q¢, increases from 0 in both the
positive and negative directions, the net injected mag-
netic energy tends to increase, either because max (.S;)
is larger or because the emergence continues. However,
when the twist is significantly larger at ¢/q = £2,
the magnetic energy is not remarkable because the flux
emergence fails (Section 4.2).

The amount of Ey,,e transported into the atmosphere
is (1.74-4.25) x 1033 erg, which is only 3%7% of the
total magnetic energy of the original subphotospheric
flux tube.

5. SUMMARY AND DISCUSSION

In this study, we performed a series of convective flux
emergence simulations in a deep domain using the R2D2
code to investigate the dependence of the flux tube on
the initial twist strength, ¢/qc;. The numerical setup
is mostly the same as that in Toriumi et al. (2023)
with a Gaussian-type flux tube embedded at a depth
of 22 Mm in a deep background convection, except for
a wide parameter range of the initial twist strength,
—2<q/qer <2.

Flux emergence simulations have broad applications
and are extensively used to study solar jets and flares
(Shibata & Magara 2011; Cheung & Isobe 2014). Re-
cently, they have been used to provide the photospheric
boundary conditions to test the data-driven AR mod-
eling (Leake et al. 2017; Toriumi et al. 2020; Jiang &
Toriumi 2020; Chen et al. 2023; Afanasyev et al. 2023;
Tarr et al. 2024). Therefore, examining how realistic
these realistic models are is now increasingly important.
In this regard, we compared our simulation results with
observations to provide constraints on subphotospheric
flux tubes from a theoretical perspective.

In Figure 4, we find that neither the total unsigned
magnetic flux ® nor the flux growth rate d®/dt exhibit a
significant dependence on the initial twist. Rather, when
the twist was the strongest (¢/q¢r = £2), both ® and
d®/dt exhibited smaller values. This may be because the
magnetic energies were initially made equal, resulting
in a relatively weak field strength for these cases, and
they may have been disturbed by strong background
convection. In the weak-twist cases, specifically for the
untwisted one (¢/ger = 0), the spot area Agpo, tended
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Figure 9. Peak magnetic flux normalized by the square
of the maximum magnetic flux, max (AHg)/max (®)?, as
a function of the initial flux tube twist, ¢/¢er. The shaded
area indicates the area where —0.1 < AHgr/®? < 0.1, which
corresponds to the observational results.

to be smaller in relation to the total magnetic flux ®
(Figure 5). This may be because a flux tube with less
twisting cannot hold the magnetic flux in the sunspot
against flux dispersal by granulation.

By comparing ® and d®/d¢ with the actual observa-
tions (Figure 6), we found that although d®/dt is a few
times larger than most of the actual ARs, it is still within
the range for AR 12673, the most violent AR in solar
cycle 24; thus, our models are fairly accurate.

The degree of twisting in a photospheric magnetic field
is often quantified using the twist parameter ..
Figure 7, although it was observed that the a,, values
measured in our simulations varied by a factor depend-
ing on the definition of ay, the a,, values agreed with
those predicted from the initial flux tube’s ¢ according
to the theoretical relationship o = 2¢q. This indicates
that the flux tubes conserved the original twists during
emergence. The obtained photospheric a,, values are
within the range of those observed for the actual Sun.
However, for larger twist cases, the «a,, values deviated
from the a = 2q line, possibly because flux emergence

In
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Figure 10. (Top) Temporal evolutions of the Poynting flux in the photosphere, S., and the injected magnetic energy, Emag.
(Bottom) Their peak values as a function of the initial flux tube twist, q/gcr.

was unsuccessful or because the twist was stripped away
before reaching the photosphere.

In Toriumi et al. (2023), for the untwisted flux tube
(¢/qer = 0), an injection of non-zero positive magnetic
helicity (AHg) was observed. In this study, we increased
the number of simulation cases and found, in Figure 8,
that the q/q.; = —1/4 case showed a temporal excursion
to the positive side and then increased to the negative
side, suggesting that a conflict exists between the ini-
tially endowed negative twist and superposition of pos-
itive helicity by background turbulence. Overall, both
F, and A Hg values were biased toward the positive side.

The normalized magnetic helicity, AHR/®?, exceeds
the values measured in the actual ARs (< 0.1) already at
|¢/qer] = 1/2 (Figure 9). Kink instability, which occurs
for |q/qer| > 1, has been proposed as a promising for-
mation mechanism of §-spots, which is a key indicator
of flare-productive ARs. However, our results suggest
that kink instability is less likely to be the mechanism
for the d-spots, because |q/qer| > 1 yields unrealistically
strong magnetic helicity injections in the photosphere.
If this is true, other scenarios, such as the interaction of
multiple flux tubes (Murray & Hood 2007; Jouve et al.

2018) and emergence of a multi-buoyant segment flux
tube (Toriumi et al. 2014b; Syntelis et al. 2019), would
need to be explored more in the future (see also discus-
sions in Jaeggli & Norton 2016; Chintzoglou et al. 2019;
Toriumi 2022; Norton et al. 2022).

The magnetic energy transported into the upper at-
mosphere by the flux emergence was found to be at most
less than 10% of that of the initial flux tube. This means
that even if the flux tube succeeds in bodily emergence,
most of the magnetic energy remains in the convection
zone.

We were unable to clearly confirm the development
of kink instability for the |¢/gc| > 1 cases. Although
it is possible that as the flux tube rises and expands,
the critical value of the instability (i.e., gor = 1/Ryp)
changes, no clear indication was observed. One reason
for this may be that the initial depth of the tubes was not
deep enough to allow sufficient time for the instability
to grow. Also, according to Linton et al. (1996), the
unstable wavenumber of the kink instability is limited to
—q— Ak/2 <k < —q+ Ak/2, where Ak = 4qR(¢? —
¢2.)'/?/3.83. Thus, the instability may not grow much
for the marginal (|g/gc;| ~ 1) cases.



MAGNETIC FLUX EMERGENCE FROM THE SOLAR CONVECTION ZONE 15

The simulations in this study were performed by plac-
ing the initial flux tubes at identical locations in the
same background convection to focus on the dependence
of the initial flux tube twist. However, as Kaneko et al.
(2022) revealed that the initial location of the flux tube
relative to the background convection has a significant
impact on the fate of emergence, it is important to ex-
plore an even broader parameter space to better under-
stand the nature of flux emergence and AR formation.
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APPENDIX

A. SUMMARY OF THE MEASURED PARAMETERS

Table 2 summarizes the measured parameters for the nine simulation cases.
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