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ABSTRACT

In_solving the solar coronal heating problem (it is crucial to'comprehend the mechanisms by which
energy is conveyed from the photosphere to the corona. Recently, magnetic tornadoes, characterized as
coherent. rotating magnetic field structures extending from the photosphere to the corona. have drawn
growing interest as a possible means of efficient energy transfer. Despite its acknowledged importance,
the underlying physics of magnetic tornadoes remains still elusive. In this study, we conduct a three-
dimensional radiative magnetohydrodynamic simulation that encompasses the upper convective layer
and extends into the corona, with a view to investigating how magnetic tornadoes are generated and
éfficiently transfer energy into'the 'corona. We find that a single event of magnetic flux concentration
merger on the photosphere gives rise to the formation of a single magnetic tornado. The Poynting

flux transferred into the corona is found to be four times greater in the presence of the magnetic
tornado, as compared to its absence. This increase is attributed to a reduction in energy loss in the
chromosphere, resulting from the weakened magnetic energy cascade. Based on an evaluation of the

fraction of the merging events, oufiesultssuggestIthatmagnetic tornadoescontributerapproxinately
50% of the Poynting flux into the corona in regions where the coronal magnetic field strength is 10 G.

Potentially, the contribution could be even greater in areas with a stronger coronal magnetic field.

Keywords: Radiative magnetohydrodynamics(2009), Solar magnetic fields(1503), Solar corona(1483),

Solar chromosphere(1479), Solar photosphere(1518)

1. INTRODUCTION

Magnetic heating of plasmas plays a pivotal role in
a multitude of astronomical phenomena, ranging from
the X-ray radiation emitted by accretion disks around
black holes (Galeev et al. 1979; Beloborodov 2017) to the
cosmic reionization process (Washinoue & Suzuki 2019,
2021). The heating of the solar corona (Grotrian 1939;
Edlén 1943) is an example the astrophysical phenom-
ena caused by magnetic field, which has been studied
as one of the most important problems in astronomy
(e.g., Klimchuk 2006; Cranmer & Winebarger 2019).
The existence of the corona is not unique to the Sun;
million-kelvin atmosphere is found on general low-mass
main-sequence stars (Pallavicini et al. 1981; Giidel et al.
1997; Ribas et al. 2005; Johnstone & Giidel 2015). Due
to its high temperature, the stellar corona is the domi-
nant source of the high-energy photons that significantly

affect the evolution of the planetary atmosphere (Sanz-
Forcada et al. 2011; Cuntz & Guinan 2016; Airapetian
et al. 2021). Solving the coronal heating problem thus
has vital implications in the context of planetary science
as well as stellar physics.

In solving the coronal heating problem, the following
three issues need to be addressed: 1. energy trans-
fer to the corona, 2. (magnetic) energy dissipation,
and 3. coronal thermal response to heating (Klimchuk
2006). In terms of energy transfer, the passive advec-
tion of the photospheric magnetic field is the promising
source of the upward Poynting flux (Spruit 1981; Steiner
et al. 1998; Fujimura & Tsuneta 2009), a fraction of
which transmits into the corona. Indeed, the magnetic
flux concentrations (MCs, Muller 1983; Solanki 1993;
Berger et al. 1995; Berger & Title 2001) on the pho-
tosphere are found to generate a sufficient amount of
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energy flux to heat at least quiet Sun corona (Choud-
huri et al. 1993a,b). We note that flux emergence is an
alternative candidate of coronal heat source (Schrijver
et al. 1998; Wang 2020, 2022). For energy dissipation,
several mechanisms are proposed, including magnetic-
field braiding (Parker 1972, 1983, 1988; Sturrock &
Uchida 1981; Berger 1991), resonant absorption (Erdelyi
& Goossens 1995; Terradas et al. 2010; Goossens et al.
2011), phase mixing (Heyvaerts & Priest 1983; De Moor-
tel et al. 2000; Goossens et al. 2012), shock formation
(Moriyasu et al. 2004; Antolin et al. 2008; Schiff & Cran-
mer 2016) and turbulence (van Ballegooijen et al. 2011,
2014; Matsumoto 2018; Shoda & Takasao 2021). From
the observational point of view, coronal heating is of-
ten discussed in terms of thermal response, in particu-
lar the differential emission measure (e.g., Aschwanden
& Parnell 2002; Warren et al. 2012; Shoda & Takasao
2021). Recently, large-scale three-dimensional simula-
tions spanning from the convection zone to the corona
have been conducted (e.g., Amari et al. 2015; Hansteen
et al. 2015; Rempel 2017; Chen et al. 2022; Finley et al.
2022; Robinson et al. 2022), which are often used to
synthesize observational signatures (Peter 2015; Chen
et al. 2021; Breu et al. 2022; Malanushenko et al. 2022).
Whereas, in exchange for reality, these simulations are
often too complicated to reveal the underlying physics.
It is therefore still meaningful to conduct a simplified
simulation that focuses on each building block.

This work aims to improve our understanding of the
energy transfer to the corona. Classically, energy is
thought to be transferred by magnetohydrodynamic
(MHD) waves generated on the photosphere (Alfvén
1947; Osterbrock 1961; Taroyan & Erdélyi 2009). In par-
ticular, transverse (Alfvén and kink) wave is likely to ex-
perience less diffusion and refraction (Stein & Schwartz
1972; Narain & Ulmschneider 1996; Cranmer et al. 2007;
Priest 2014; Matsumoto & Suzuki 2014), and thus, is
one of the promising mechanisms of the energy trans-
fer. Indeed, the transverse waves are found to exhibit
a significant amount of energy flux in the solar chromo-
sphere (De Pontieu et al. 2007; Srivastava et al. 2017)
and corona (Hassler et al. 1990; Banerjee et al. 1998,
2009; MecIntosh et al. 2011; Hahn & Savin 2013), al-
though whether it is sufficient for the coronal heating
is controversial (Tomczyk et al. 2007; Okamoto & De
Pontieu 2011; Thurgood et al. 2014). In considering the
wave propagation into the corona, we often assume that
the horizontal random buffeting motion of photospheric
MCs (Berger & Title 1996; Berger et al. 1998; van Bal-
legooijen et al. 1998; Nisenson et al. 2003; Chitta et al.
2012) is responsible for the wave generation (see the re-
view by Morton et al. 2022).

Recently, another type of energy transfer attracts at-
tention: magnetic tornado. Magnetic tornado is a coher-
ent, rotating magnetic field structure passing through
from the photosphere to the chromosphere or the base
of the corona (Wedemeyer-Bohm et al. 2012; Wede-
meyer et al. 2013; Wedemeyer & Steiner 2014; Tziotziou
et al. 2018). The origin of magnetic tornado is the vor-
tex motion of a magnetic element on the photosphere,
which is ubiquitously found both observationally (Bonet
et al. 2008, 2010; Balmaceda et al. 2010) and numeri-
cally (Moll et al. 2012; Shelyag et al. 2011, 2013; Silva
et al. 2020, 2021). It should be noted that some chromo-
spheric vortices (Wedemeyer-Bohm & Rouppe van der
Voort 2009; Morton et al. 2013; Park et al. 2016; Liu
et al. 2019; Shetye et al. 2019; Murabito et al. 2020)
could be an observational signature of magnetic torna-
does. Therefore, while the observational signature of
magnetic tornadoes in the corona may be faint, they
may be more frequently occurring phenomena than cur-
rently observed. For more information about vortices
in the solar atmosphere, please refer to the review by
Tziotziou et al. (2023). A recent numerical simulation
by Wedemeyer-Bohm et al. (2012) demonstrated that
magnetic tornadoes are capable of transporting suffi-
cient energy to heat the quiet Sun corona. Addition-
ally, the merger of MCs can trigger magnetic tornadoes,
which are efficient energy carriers (Finley et al. 2022).
In light of the fact that the merger of MCs frequently
occurs on the photosphere (Berger & Title 1996; Berger
et al. 1998; Keys et al. 2011; Tida et al. 2012), magnetic
tornadoes may have a vital role in coronal heating.

Despite its recognized significance, the underlying
physics responsible for the efficient energy transfer
mechanisms in magnetic tornadoes remain a subject of
investigation. In this study, we address this remained is-
sue through the use of numerical simulations. The rest
of this paper is organized as follows. Section 2 provides
the numerical method used in this work. The numerical
results and its analyses are shown in Section 3. The pos-
sible implications to the broader context are discussed
in Section 4.

2. NUMERICAL MODEL

We perform a three-dimensional numerical simulation
that seamlessly covers the upper part of the solar convec-
tion zone and the corona. To this end, we use RAMENS!
code, in which we solve the compressible magnetohydro-
dynamic equations with gravity, radiation, and thermal

1 RAdiation Magnetohydrodynamics Extensive Numerical Solver



conduction. The basic equations are given as follows.
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where p is the mass density, v is the gas velocity, B is
the magnetic field, e = ej + pv2/2 + 32/871 is the total
energy density, ejy is the internal energy density, p is
the gas pressure, g is the gravitational acceleration, and
I is unit tensor. Qcng and Qraq denote the heating by
thermal conduction and radiation, respectively.

The radiation Q,aq is given by a combination of op-
tically thick and thin components. In calculating the
optically-thick radiation, the radiative transfer is solved
under the local thermodynamic equilibrium (LTE) ap-
proximation. For simplicity, the gray approximation is
applied in the convection zone. The optically thin radi-
ation is calculated from the loss function retrieved from
the CHIANTI atomic database ver. 7.1 (Dere et al.
1997; Landi et al. 2012). The loss function is extrap-
olated to the lower-temperature range following Good-
man & Judge (2012). The equation of state is computed
based on the LTE assumption, considering the six most
abundant elements in the solar atmosphere (H, He, C,
N, O, Ne). The field-aligned thermal conduction of a
fully-ionized plasma (Spitzer & Harm 1953) is employed
to calculate Qcnq. Although the assumption of full ion-
ization is invalid in the chromosphere, it does not sig-
nificantly influence the simulation because the thermal
conduction in the chromosphere is minor. The detailed
numerical procedure is found in Iijima (2016).

We consider the loop-aligned simulation domain that
extends from the upper convection zone to the top of
the coronal loop, corresponding to one half of a symmet-
ric closed loop. For simplicity, we ignore the curvature
(non-vertical nature) of the coronal loop. Letting x- and
y-axes be horizontal and z-axis be vertical, the size of
the simulation domain is set to 3 Mm x 3 Mm x 15 Mm
in the (x,y, z) directions. The grid size is uniformly set
to 25 km in x and y directions and 50 km in z direction.
The periodic boundary conditions are applied in x and y
directions. The bottom boundary condition is open for
flow, mimicking the convective energy transport from
deep convection zone (see Iijima (2016) for detail). To
ensure complete reflection of the Poynting flux at the
top boundary (top of the coronal loop), we apply a re-
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flective boundary that sets v,, B, and B, to zero, while
the other variables take on the same values as those one
grid below. The reflected Poynting flux corresponds to
the one injected from the other side of the loop. To sus-
tain the million-kelvin corona, we impose an artificial
heating at the top boundary so that the temperature T’
is fixed to 10% K at the top. This artificial heating does
not violate the scope of this work because our interest
is in the energy transport, not the amount of heating.
The initial (¢ = 0) condition in the convection zone is
given by Model S (Christensen-Dalsgaard et al. 1996).
Above the surface, the initial condition is calculated by
the isothermal stratification. After 5 hour of integra-
tion, the convection is relaxed to a quasi-steady state, in
which the enthalpy flux injected from the bottom bound-
ary nearly equals the radiative flux. Then, we impose
a uniform vertical magnetic field of 10 G, and integrate
another 1.5 hour. We analyze the numerical data in the
last 1 hour of the simulation: 19800 s < ¢ < 23400 s.

3. RESULTS
3.1. Simulation overview

In this study, we focus on the transient energy trans-
fer from the photosphere to the corona via magnetic
tornado. To quantitatively discuss the physical prop-
erties of magnetic tornado, the background atmosphere
as well as the tornado itself is preferred to be as real-
istic as possible. In this section, we first overview the
background stratification of the model atmosphere to in-
vestigate its reality. For better visualization, we define
the xy-averaged variables of F' as follows.

(Flay(e.t) = 75 /0 /0 F(a,y, 2 Odedy,  (5)

where [0, L] x [0, L] represents the simulation domain in
the zy plane. We note that L = 3 Mm in our numerical
setup.

Figure 1 shows the probability distributions of (T'),,,
(P)zy, (VA)zy, and (Cs),y with respect to t, where vy
and Cy are Alfvén and sound speeds, respectively, which
are given by

B, P

v = \/m, Cs = 7 (6)
The top panel of Figure 1 shows that our simulation re-
produces 1. the observed solar surface (z = 0.0 Mm)
temperature ((T);, ~ 5800 K), 2. temperature mini-
mum at z ~ 1.0 Mm, and 3. transition region formed at
z &~ 2.5 Mm. These properties are consistent with the
solar atmosphere reconstructed from observations (Ver-
nazza et al. 1981; Fontenla et al. 1993; Avrett & Loeser
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Figure 1. The probability distributions of the horizontally
averaged (a) temperature (T') 4y, (b) density (p)zy, (¢) sound
and Alfvén speeds (va)qy with respect to time ¢.

2008). The coronal Alfvén speed (=~ 1000 km s™1) is
also consistent with observation (Tomczyk et al. 2007;
Tomezyk & Mclntosh 2009), indicating that the imposed
magnetic field has a realistic magnitude. Moreover, the
equipartition layer (where v4 &~ C5) is found in the chro-
mosphere (z ~ 1.0 Mm), where two types of MHD waves
(fast and slow magnetoacoustic waves) couple with each
other (i.e., mode conversion, Schunker & Cally 2006;
Khomenko & Cally 2012; Shoda & Yokoyama 2018;
Wang et al. 2021). In light of the fact that the mode
conversion likely takes place in the chromosphere (Kon-
togiannis et al. 2010; Stangalini et al. 2011), the exis-

tence of the equipartition layer in the chromosphere is
another possible feature that validates our model.

In summary, our model is capable of reproducing the
solar atmosphere that is compatible with observations.
This agreement validates the reality of physical pro-
cesses occurring in the simulation, which are analyzed
in the following sections.

3.2. Onset of Magnetic Tornado

Since the plasma beta is higher than unity on the pho-
tosphere, magnetic field is passively advected by the con-
vective motion, forming the localized magnetic patches
in the intergranular lanes, i.e., MCs. Generation of
MHD waves on the photosphere is attributed to the dy-
namics of MCs, and thus, the physical properties of the
MCs are crucial in understanding the energy transfer
from the photosphere to the corona.

Figure 2 shows the time evolution of MCs (defined by
where B, > 250 G) on the photosphere (z = 0.0 Mm),
with the red-blue color map representing the vertical ve-
locity field. Areas filled in green and blue are where the
vertical component of vorticity w, = (V x v), is large.
Two isolated MCs (Panel (a)) are passively concentrated
and merged by the converging granular motion (Panel
(b)). The merged MC experiences a continuous defor-
mation (Panels (¢) and (d)) until it splits into two (Panel
(©)).

To quantitatively define the period of the MC merg-
ing (called hereafter the “MC merger period”), we show
in Figure 3a the time evolution of the number of MCs
(Nmc), which is defined by the number of the con-
nected areas of B, > 250 G, whose areas are larger than
22500 km?. Ny is kept nearly maintained to unity in
20460 s < t < 22110 s, and thus, this period is defined as
the MC merger period. It should be mentioned that we
have excluded the case where Nyic = 2 at ¢ = 20700 s
because the two magnetic concentrations are separated
by only one numerical pixel at this time.

The vertical vorticity w, shown in Figure 2 indicates
that the vorticity on the merged MC changes its sign
during the MC merger period. This effect is more quan-
titatively seen by defining the mean vorticity of MC as
follows,

/ w, dxdy
(W) = ME——, (7)
/ dxdy
MC

where the subscript “MC” refers to the area covered
by MCs in the whole z = 0.0 Mm plane. Figure 3b

shows the time evolution of (w.)}. The sign of (w.)}"
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Figure 2. Time sequence of the photospheric magneto-convection at z = 0.0 Mm. The black contour represents the boundary of
MCs, which is defined by B, > 250 G. The red-blue color map shows the vertical velocity (v.) and the black arrows illustrate the
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blue: w, < —0.05 s™'. An animation of this figure is available that displays the MC merging event in a period of 1700 s.
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Figure 3. Time evolution of (a) the number of MCs Nuc

and (b) the mean vertical vorticity over MCs (w.)MC. The

gray transparent regions correspond to the time invervals of
Phase-1 (brighter part) and Phase-2 (darker part).

changes during the MC merger period at ¢ = 20880 s.
Since the different sign in <wz>¥éc should result in the
different magnetic-field structure in the upper atmo-
sphere, we shall divide the MC merger period into two
phases: 20460 s < ¢t < 20880 s (called “Phase-1”) and
20880 s <t < 22110 s (called “Phase-2”).

Figure 4 and Figure 5 display the three-dimensional
magnetic field lines alongside the chromospheric (z = 1.5
Mm) horizontal velocity v, = (v,.vy), facilitating a com-
prehensive analysis of the possibility of a magnetic tor-
nado formation on the merged magnetic configuration.
The magnetic field lines shown in Figure 4 (Figure 5)
are coherently twisted in a clockwise (counerclockwise)
direction from the corona down into the photosphere,
whilst inducing a swirling pattern of the chromospheric
horizontal velocity in the counterclockwise (clockwise)
direction. Our results suggest that the former (latter)
magnetic and velocity field patterns are triggered by the
photospheric vortices present in Phase-1 (Phase-2). In
response to the sign reversal in (wz)%c observed during
the transition from Phase-1 to Phase-2, the magnetic
tornado undergoes a change in its rotational direction
from counterclockwise to clockwise.

Figure 4 and Figure 5 also provide insight into the ver-
tical Poynting flux S, = —[(vx B) x B], /4w at the chro-
mospheric height (z = 1.5 Mm). The distinctive ring-
like patterns observed in the chromospheric S, roughly
track the twisted magnetic fields, providing compelling
evidence that the magnetic tornado serves as an energy
conduit through the solar atmosphere. The diameter
of the ring-like patterns is approximately 1.5-2.0 Mm,
which is consistent with the typical size of the chromo-
spheric swirls (approximately 2.0 Mm) reported in previ-
ous studies (Wedemeyer-Bohm et al. 2012; Shetye et al.
2019). Such large-scale ring-like patterns (> 1.5 Mm)
are produced only when the magnetic tornado rooted in
the merged MC exists.

The twisted magnetic field of the magnetic tornado
appears to be confined below the bottom of the corona
(< 2-4 Mm), due to two key factors. Firstly, the non-
linearity of transverse Alfvén waves propagating along
z-direction, which is indicated by v; normalized by v 4, is
significantly higher in the chromosphere (i.e., v:/v4 > 1)
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than in the corona (i.e., vt/va < 0.1). As a result, the
twisting is more prominent in the chromosphere. Sec-
ondly, Alfvén waves in the corona propagate much faster
than in the chromosphere due to the difference in local
Alfvén speed (typically, 10kms™! in the chromosphere
and 1000kms~! in the corona, see Figure 1c). Conse-
quently, the release of local twisting of the magnetic
field is much more rapid in the corona. Regarding our
primary focus of investigating the energy transfer mech-
anism from the lower atmosphere to the corona, it is
worth noting that the reflected Alfvén waves from the
upper boundary have a minimal impact. This is due to
the fact that the energy of the reflected Alfvén waves
from the top boundary is much lower than that of the
chromospheric Alfvén waves, typically below 10%. As a
result, the feedback from the upper boundary does not
significantly alter the energy transfer process.

3.3. Energy transfer by magnetic tornado

To investigate the amount and efficiency of energy
transfer by the magnetic tornado, we investigate the
variation in the Poynting flux associated with the mag-
netic tornado. For this purpose, we calculate the z com-
ponent of the Poynting flux given by

Sz — Szhear 4 ngerge’ (8)
where
B B?
hear z mer:; t
shea; — _ . B emerge — 5 ,
Sz An (’Ut 75)? Sz v A (9)

where By = (B, B,). S5hear is associated with the
transverse displacement of the vertical magnetic field,
while S§™8¢ corresponds to the vertical motion of
the horizontal magnetic field. We note that Sshear
and S{™Me® are often interpreted as energy transfers
by shearing motion and flux emergence, respectively
(Welsch 2015; Cranmer & Winebarger 2019).

Figure 6 shows the time evolution of (S$hear),, and
(Sgmeree) .y (see Eq. (5)) for four different heights: z =
0.0 Mm, z = 1.0 Mm, z = 1.5 Mm, and z = 2.5 Mm. To
enhance the features associated with the magnetic tor-
nado triggered by the MC merger, we apply the low-pass
filter with a cutoff frequency of 4.2 mHz. This cutoff fre-
quency is chosen to be between the typical correlation
time of the shear flows within intergranular lanes ~ 40-
100 s (van Ballegooijen et al. 2011; Fedun et al. 2011)
and the duration of Phase-1 420 s. The following prop-
erties are inferred from this analysis.

1. Phase-1 and Phase-2 correspond to the dual max-
ima presented in (S5hear) . at heights of z = 1.0,
1.5, and 2.5 Mm. Interestingly, we find no clear

(a) t=21070s
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Figure 4. Several physical quantities in the presence of the
magnetic tornado triggered by the photospheric vortices in
Phase-1. (a): The magnetic field lines rooted in the merged
MC are shown, along with the vertical velocity maps from
z=—1.0 Mm to z = 0.0 Mm in red-blue color. The red plane
represents the chromospheric layer (z = 1.5 Mm), and the
green lines indicate the horizontal twisting direction of the
magnetic field lines. The upper panel provides a view along
y-direction from a reference point at y = 0.0 Mm, while the
lower panel provides a view along z-direction from a refer-
ence point at z = 6.0 Mm. (b): The horizontal velocity field
v is shown in black arrows, and its amplitude is indicated
by the color at z = 1.5 Mm. (c): The vertical Poynting flux
S, at z = 1.5 Mm. Each panel is taken at t = 21070 s. We
note that the time lag between the formation of the positive
(wﬁ%c in Phase-1 and the appearance of the chromospheric
swirling pattern of v, and S, in the panels reflects the propa-
gation of the vortex through the magnetic field from z = 0.0
Mm to z = 1.5 Mm. An animation of this figure is available
that shows the temporal evolution of the magnetic field lines,
v¢ and S, of the magnetic tornado in a period of 345 s.

signature of Phase-1 nor Phase-2 in (Sghear)  —at
z = 0.0 Mm, indicating that the onset of the mag-
netic tornado does not enhance the net Poynting
flux on the photosphere.

2. In the presence of the magnetic tornado, the time-
averaged Poynting flux measured at the transition
region (2 = 2.5 Mm) is 4.2 x 10° erg cm? s71,
which is four times larger than that without the
magnetic tornado (= 1.0x 10° erg cm? s~1). Mag-
netic tornado is thus probably a more efficient en-
ergy transfer mechanism than the simple convec-
tive buffeting of the magnetic field line.
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Figure 5. Same as Figure 4, but each panel is taken at
t = 21640 s, which corresponds to Phase-2. An animation of
this figure is available that shows the temporal evolution of
the magnetic field lines, v¢ and S. of the magnetic tornado
in a period of 470 s.

3. The temporal evolution of (Sshear) = exhibits
altitude-dependent characteristics, with the tim-
ing of its initial and subsequent maxima vary-
ing with height. Specifically, the first (second)
maximum is observed at ¢ = 20935s (21500 s) in
z = 1.0 Mm, 20985 s (21655 s) in z = 1.5 Mm, and
t = 21165 s (21725 s) in z = 2.5 Mm. This tem-
poral difference corresponds to the energy propa-
gation time of the magnetic tornado to each layer.

4. Semeree ig gmaller than S5Peer for the majority of
the time. In particular, S;™°'8¢ is negative in
z = 0.0 Mm. Thus, in our specific setup, the ver-
tical motion of the horizontal magnetic field plays
minor or negative roles in the energy transfer. Al-
though a similar trend is found in the previous
work (Finley et al. 2022), care needs to be taken in
drawing a conclusion because the dynamics of flux
emergence are significantly affected by the bottom
boundary condition (Rempel & Cheung 2014). We
need a more detailed analysis to clarify the role
of flux emergence in coronal heating (Wang 2020,
2022) using, for example, a numerical model with
sufficiently deep convection zone (e.g., Hotta et al.
2019).

Figure 7 illustrates the time-averaged (S5"°T),, as a
function of height z for three distinct time intervals: “be-
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Figure 6. Time series of (S5"°*"),, (blue solid line) and
(Sgmere®),, (orange dashed line) at a height of z = 0.0 Mm
(photosphere), z = 1.0 Mm (lower chromosphere), z = 1.5
Mm (upper chromosphere), and z = 2.5 Mm (transition re-
gion). The vertical black dotted lines mark the positions
of the peaks of (SPea) . that correspond to Phase-1 and
Phase-2. The gray transparent region in the bottom panel
indicates the MC merger period.

fore tornado” phase (19800 s < ¢ < 20460 s), “dur-
ing tornado” phase (20460 s < t < 22110 s, iden-
tical to the MC merger period), and “after tornado”
phase (22110 s < t < 23400 s). (Sshear) at z =
0.0 Mm remains nearly constant regardless of the pres-
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before
during
after

z [Mm]

Figure 7. (Shear) . versus height z averaged over three
time intervals: before (19800 s < ¢ < 20460 s, blue dashed
line), during (20460 s < ¢t < 22110 s, orange solid line), and
after (22110 s < ¢ < 23400 s, green dotted line) tornado.

ence of the magnetic tornado (as inferred from Figure
6). Meanwhile, in the presence of the magnetic tornado,
(Gshear) . decreases more gradually in height, especially
below the corona (0.0 Mm < z < 2.5 Mm).

There are several possible reasons for the smaller
decrease of (Sshear) . during tornado, including the
smaller energy reflection and smaller energy dissipa-
tion. To distinguish these two factors, we decompose
(Gghear) . as follows.

(520, = (), = (ST, (10)

where

shear,+ 1 Bt : 1 +2
S5 = PvA (’Ut F m) = PUAZE (11)
Under the approximation of incompressible or reduced
MHD (Strauss 1976), Sshear® represents the energy
fluxes of upward and downward Alfvén waves, respec-
tively (Elsasser 1950; Heinemann & Olbert 1980). Al-
though the Elsédsser variables are no longer the charac-
teristics of Alfvén waves in an inhomogeneous or com-
pressional system (Velli et al. 1989; Hollweg & Isenberg
2007; Magyar et al. 2019), they are often still useful in
decomposing the propagating direction (Marsch & Man-
geney 1987; Magyar et al. 2019).

The top panel of Figure 8 displays the time series of
(Gshear, )y and (S$hear—) .. measured on the photo-
sphere (z = 0.0 Mm). The bottom panel shows the ra-
tio of the two quantities, (Sshear—)  /(Sshear+) = The
gray transparent region corresponds to the MC merger
period. We find no significant change in (Sgheart)
nor (Sshear—)  during tornado. This means that the
magnetic tornado does not affect the energy injection
nor reflection. The smaller decrease in S5"°%" along

<S§hcar.+ > -

< S;hoar, — > o

20000 21000 22000 23000
time [s]

Yy
—
o
S

shear,+

z

Ty /(S
< =
vt
S o

<
)
ot

shear

N

~ 000000 21000 22000 23000

time [s]

Figure 8. Time series of (S5**"T) . (top, blue solid line),
(§shear,=y . (top, orange dashed line) and the ratio of them
(Gghear-ty . /(Sshear =) . (bottom) measured on the photo-
sphere (z = 0.0 Mm). The gray transparent region shows
the MC merger period.

height (Figure 7) is thus (at least partly) attributed to
the change in the energy dissipation process.

3.4. Turbulence during magnetic tornado

In the preceding section, we demonstrate that the cru-
cial factor responsible for the increased energy transfer
to the corona is the reduced dissipation of Poynting flux
beneath the corona, rather than the increased injection
or reduced reflection. To further investigate its physical
origin, we focus on the efficiency of energy cascading in
the presence and absence of the magnetic tornado. For
this purpose, we define the one-dimensional (reduced)
energy spectra of velocity and magnetic field with re-
spect to transverse wave number as follows.

Exin (k) =

oy - () wetsenr
L dhydiey (=) vy (. k)2
Akt Ji <\ /FEFR2 <kt Ak, Y\ 2 for ( 2

(12)
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Figure 9. Power spectral densities of transverse magnetic field En.g and transverse velocity Fyi, for three different heights:
z = 1.0 (bottom), 1.5 (middle), and 2.0 Mm (top). Different lines correspond to the time interval of spectrum calculation (blue
dashed: before tornado, orange solid: during tornado, green dotted: after tornado). Thin lines show the power-law fittings to
the same-colored thick lines in the inertial range, the indices of which are displayed by numbers in each panel.

Ermag(kt) =
1 / <L>2 2
dkdk, | — | |B¢ (kz, k)|
Akt Ji, <\ /REFRZ <kt Ak, Y\ 27 ' v

(13)

where (k;, ky) represents the wavenumber in z- and y-
directions respectively, Ak; is a sufficiently small value,
and

1

vy (Kay ky) = Iz

/ dady vy(z,y) e~ iF=rho),
[0,L]x[0,L]

(14)

1 .
ﬁ/ dzdy By(z,y) e Fevthuy)
[0,L]x[0,L]

(15)

B, (k,;, ky) =
It follows, from Parseval’s identity, that FEy,(k:) and
Ernag (kt) satisty

/dkt Eyin(ke) = (01(2,9)?) 2y (16)

[ Busglb) = BelwyPh (1)

Figure 9 shows Fiyin (kt) and Emag(k¢) for three differ-
ent heights (z = 1.0, 1.5, and 2.0 Mm) averaged over
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Figure 10. The ratio of the xy-averaged transverse mag-
netic and kinetic energies (R:, see Eq. (18)), versus height
averaged over three time intervals: before (19800 s < ¢t <
20460 s, blue dashed line), during (20460 s < ¢t < 22110 s,
orange solid line), and after (22110 s < ¢ < 23400 s, green
dotted line) the onset of the magnetic tornado.

three characteristic time intervals: before, during, and
after tornado. Both Exin(k:) and Emag (ki) become flat-
ter as z increases, implying that the turbulence evolves
in height. We find no clear difference in Eyiy (k) for the
three time intervals, which means that the presence of
the magnetic tornado hardly affects the cascading of ki-
netic energy. In contrast, the magnetic energy spectra
Eag (ki) exhibit notable modifications due to the mag-
netic tornado; Emag(k:) becomes steeper, in particular
at a height of z = 2.0 Mm. The increased steepness of
the magnetic spectrum implies that the magnetic-energy
cascading is weakened in the presence of the magnetic
tornado.

Figure 10 shows the zy-averaged magnetic-to-kinetic
energy ratio for the transverse components, that is,

_ <B?/(877)>ry
= 2, 1

for the three time intervals. In the absence of magnetic
tornado, the transverse fluctuations are dominated by
velocity (R; < 1), which is in agreement with the Alfvén-
wave propagation models in the chromosphere (Cranmer
& van Ballegooijen 2005; Verdini & Velli 2007). During
the existence of magnetic tornado, on the other hand,
the transverse fluctuations are mostly magnetic (R, > 1)
in the chromosphere (1.0 Mm < z < 2.0 Mm). The loss
of Poynting flux in the chromosphere should thus be
affected by the cascading of E,,, rather than Ey;, in
the presence of the magnetic tornado.

To summarize, the smaller loss of Poynting flux in
the presence of the magnetic tornado is possibly at-

tributed to the change in the magnetic-energy spectrum,
or equivalently, magnetic-energy cascading.

4. DISCUSSION
4.1. Efficient energy transfer by magnetic tornado

Our simulation reveals that the merger of MCs serves
as a trigger for the onset of a magnetic tornado with the
large-scale chromospheric swirling patterns (of which di-
ameter is > 1.5 Mm), which in turn facilitates the ef-
ficient transport of energy to the corona. This finding
is in line with previous investigations by Finley et al.
(2022). In this section, we further develop our discus-
sion to address the underlying physical process for the
enhancement of the coronal energy transport when the
magnetic tornado is present, as compared to its absence.

The merged MC exhibits a longer lifetime of 1650 s
(20460 s < t < 22110 s) in comparison to the aver-
age lifetime of individual MCs, which is typically 300-
500 s. This finding is consistent with prior observa-
tions demonstrating that the lifetimes of magnetic bright
points (MBPs), which serve as observational signatures
of MCs, are prolonged during merging events as com-
pared to the lifetimes of individual MBPs (Keys et al.
2011). Given that MCs can impede local magnetocon-
vection and prevent the collapse of photospheric vortices
(Finley et al. 2022), it is plausible that the prolonged
lifetimes of MCs observed in this study may facilitate the
development of long-lived photospheric vortices, which
can in turn give rise to magnetic tornadoes featuring the
large-scale chromospheric swirls. The detailed analysis
of the condition for magnetic tornadoes to form is a line
of the future research.

The analysis of Poynting flux reveals that the mag-
netic tornado carries a significantly larger energy, four
times greater than that of the system without the mag-
netic tornado. This enhancement cannot be attributed
to an increase in energy generation on the photosphere,
as there is no enhancement in the upward Poynting
flux when the magnetic tornado is formed. Instead, we
find that the different behaviors in the chromosphere,
particularly the smaller loss of Poynting flux due to
the weakened energy cascading, appear to be the most
promising cause of the efficient energy transfer. This
result can be attributed to the inverse cascade pro-
cess, which facilitates the transfer of magnetic energy to
larger scales than the injection scale, where dissipation
mechanisms become less effective, leading to an excess of
magnetic energy in comparison to kinetic energy. This
phenomenon has been observed in various models utiliz-
ing the reduced MHD framework, which is applicable to
low-beta and incompressible plasmas, such as the corona
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Figure 11. A schematic illustration of the physical processes underlying our findings, with a focus on the contrast between the
energy generation and propagation mechanisms in the presence (panel (a)) and absence (panel (b)) of the magnetic tornado.

(Rappazzo et al. 2013, 2019). Whereas, care needs to be
taken when applying the inverse cascade scenario to our
case, as we focus on the chromosphere, where compress-
ibility can not be ignored, unlike the corona. Further-
more, it is worth noting that the magnetic tornado oc-
curs impulsively, persisting for only a few Alfvén travel
times across the entire loop, whereas the inverse cascade
typically requires more than 100 Alfvén travel times to
develop.

The overall scenario found in our simulation is
schematically summarized in Figure 11. The merger of
two MCs induces the long-lived vortex motions inside
the resulting merged MC. Such long-lived vortices gen-
erate the coherently twisted magnetic field lines from
the photosphere to the corona accompanied by swirling
motions: the magnetic tornado. With the magnetic tor-
nado present, energy cascading in the chromosphere is
weakened, leading to enhanced energy injection to the
corona.

4.2. Implications to the coronal heating and solar wind

Previous observation of the quiet Sun photosphere re-
vealed that the fraction of MBPs involved in merging

events, fmerge, 15 approximately 0.21 at all times (Keys
et al. 2011). Furthermore, our analysis has revealed
that the mean Poynting flux transported by the mag-
netic tornado through the transition region, Firnado, 18
4.2 x 10% erg cm~2 57! (see Figure 6). This value is ap-
proximately four times greater than the mean Poynting
flux generated by granular buffeting, denoted by Fpuget,
which is 1.0x 10° erg cm =2 s (see Figure 6). Assuming
that magnetic tornadoes are produced on every merging
MBP, and the amount of the Poynting flux of magnetic
tornado and granular buffeting are ubiquitous, we can
estimate the contribution of the magnetic tornado to the
total Poynting flux to the corona as follows:

fmergeFtornado
fmergeFtornado + (1 - fmerge)Fbuﬁ?et

=053, (19)

i.e., the contribution of magnetic tornadoes is =~ 50%.
The contribution may be higher in regions with a
stronger coronal magnetic field than that of our sim-
ulation (10 G), since the filling factor of MCs and thus
fmerge i expected to be higher in those regions. In order
to comprehensively investigate the precise contribution
of magnetic tornadoes, it is essential to conduct statis-
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tical analyses of their occurrence frequency and mean
Poynting flux into the corona.

Although our specific target in this study is the coro-
nal loop in the quiet Sun, the similar physical process
found in our simulation should occur also in the coronal
hole. The flux imbalance fraction, defined by the net
magnetic flux divided by the unsigned magnetic flux, is
large (> 0.7) in coronal holes (Wiegelmann & Solanki
2004; Zhang et al. 2006; Hagenaar et al. 2008), which
means that the magnetic patches in a coronal hole tend
to exhibit the same polarity. Since the magnetic tornado
is induced by the merger of two MCs with the same po-
larity, despite small magnetic flux, the coronal hole is
also a preferential region for magnetic tornadoes. The
impact of magnetic tornadoes on the solar wind should
thus be investigated in future, including its possibility
as the origin of magnetic switchbacks (Bale et al. 2019;
Squire et al. 2020; Shoda et al. 2021).

5. CONCLUSION

In this work, we investigate the physics of magnetic
tornadoes, with a particular focus on energy genera-
tion and transfer. To this end, we perform a three-
dimensional numerical simulation that self-consistently

solves the surface convection and the overlying atmo-
sphere. A magnetic tornado is triggered by a single
merging event of two MCs with the same polarity. The
energy flux carried by the magnetic tornado is four times
larger than that caused by granular buffeting, and this is
attributed to the reduction of the chromospheric mag-
netic energy loss. Our analysis of power spectra sug-
gests that the magnetic energy cascade is weakened in
the presence of the magnetic tornado, which may be re-
sponsible for the reduction in the energy loss.

Numerical computations were carried out on the Cray
XC50 at the Center for Computational Astrophysics
(CfCA), National Astronomical Observatory of Japan.
M.S. is supported by the Japan Society for the Pro-
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JP22K14077. H.I. is supported by the JSPS KAK-
ENHI Grant Number 19K14756 and the young re-
searcher units for the advancement of new and unde-
veloped fields of the Institute for Advanced Research
(Nagoya University) under the Program for Promot-
ing the Enhancement of Research Universities. T.Y.
is supported by the JSPS KAKENHI Grant Number
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