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Abstract: To seek an atmospheric heating mechanism operating on the Sun we investigated a heating
source generated by a downflow, both of which may arise in a magnetic loop dynamically formed on the Sun
via flux emergence. Since an observation shows that the illumination of evolving magnetic loops under
the dynamic formation occurs sporadically and intermittently, we performed a magnetohydrodynamic
simulation of flux emergence to obtain a high-cadence simulated data, where temperature enhancement
was identified at the footpoint of an evolving magnetic loop. Unlike a rigid magnetic loop with a confined
flow in it, the evolving loop in a low plasma β atmosphere is subjected to local compression by the magnetic
field surrounding the loop, which drives a strong supersonic downflow generating an effective footpoint
heating source in it. This may introduce an energy conversion system to the magnetized atmosphere of
the Sun, in which the free magnetic energy causing the compression via Lorentz force is converted to the
flow energy, and eventually reduced to the thermal energy. Dynamic and thermodynamic states involved
in the system are explained.
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1. INTRODUCTION

The Sun has a magnetized atmosphere extending to-
ward the interplanetary space, where a number of mag-
netic loops coexist, as demonstrated by space missions
such as Skylab, SMM, Yohkoh, SoHO, TRACE, Hin-
ode, and SDO. Temperature in the atmosphere reaches
a value more than hundred times higher than its sur-
face value (Edlén 1942), and it is natural to consider a
problem of identifying whether these loops contribute
to enhancing the atmospheric temperature. They are
mainly formed by a magnetic field emerging from the
solar interior via the magnetic buoyancy (Parker 1955),
so we may consider this problem in terms of the two
distinct evolutionary phases of an emerging magnetic
field: i) the early phase during which the magnetic field
has emerged and is dynamically forming magnetic loops
on the Sun; and ii) the late phase at which the forma-
tion of these loops has almost completed and they have
well-developed magnetic structure.

When we focus on the late phase, a possible ap-
proach to the problem may be formulated in the follow-
ing way: First, well-developed magnetic structure of a
loop is given. Then, various types of perturbations are
imposed on it. Finally, how these perturbations lead to
enhancing the atmospheric temperature is investigated
(Parker 1972; Heyvaerts & Schatzman 1980; Hollweg
1981; Sturrock & Uchida 1981; van Ballegooijen 1986;
Parker 1988; Low 1990; Ofman et al. 1994; Inverarity &
Priest 1995; Galsgaard & Nordlund 1996; Belien et al.
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1999; Matthaeus et al. 1999; Cranmer & van Ballegooi-
jen 2005; Aschwanden 2005; Kittinaradorn et al. 2009;
Goossens et al. 2011; Reale 2014; Howson et al. 2019).

On the other hand, heating of a magnetic loop
also occurs at the early phase, as found in observa-
tions. Figure 1 presents one such observation, showing
that evolving loops were dynamically formed by a con-
tinuously emerging magnetic field. These loops were
initially dark, some of which were then illuminated in-
termittently during their dynamic formation. This sug-
gests that heating is associated with dynamic formation
in the evolving loops which are fairly far from having
well-developed magnetic structure. Interestingly, the
successive panels 1b and 1c suggest that heating first
occurred at one footpoint of an evolving loop, and the
location of heating was then transferred upward along
the loop.

What causes heating of those evolving loops under
the dynamic formation? To answer this question, we
need to investigate dynamic and thermodynamic pro-
cesses involved in the emergence of magnetic flux from
the solar interior (flux emergence, in short). Figure 1d
schematically illustrates three key processes expected
to occur through flux emergence. The 1st process is
caused by the magnetic buoyancy; a loop filled with
a dense plasma is lifted against the solar gravity by a
downflow rarefying the plasma in the loop. The 2nd
process occurs when the downflow collides with a low
atmospheric layer with high density, which converts the
flow energy to the thermal energy and generates a foot-
point heating source. Heat is then transported upward
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Figure 1. a–c: Formation of evolving magnetic loops via continuous emergence of magnetic field observed by TRACE. A
possible footpoint heating location is indicated by the yellow arrow at panels b and c. A movie is provided (http://163.
180.179.74/~magara/page31/Topics/CMEmodeling/trace171.2-11.mp4). d: Schematic illustration of flux emergence.

from the heating source, which is the 3rd process.
Here a central issue is the footpoint heating source

generated by the downflow. It may not be effective
at the late phase when the magnetic buoyancy with a
strong downflow has almost terminated, although the
early phase might be different because the buoyancy
is surely active. It is beyond the scope of the present
work to reproduce all the three processes, or rather, this
letter reports an initial result of investigating the possi-
bility that the downflow generates an effective footpoint
heating source.

2. MODEL & RESULT

To investigate the central issue raised in the previ-
ous section, we used the magnetohydrodynamic (MHD)
simulation of flux emergence reported in Magara (2017).
Since the observation in Figure 1 shows that the illumi-
nation of the evolving loops occurred sporadically and
intermittently, we reperformed the simulation to obtain
a simulated data at five times higher cadence.

Figure 2 shows an evolving loop found in that data,
at one footpoint of which temperature enhancement was
identified. At the main panel of this figure, density dis-
tribution is displayed in a logarithmic scale using the
color volume rendering, while distributions of tempera-

ture, divergence of flow velocity (∇ · v, local compres-
sion/expansion rate), and vertical magnetic flux den-
sity are represented by the maps placed at z = 6.6
(green to pink color map), y = 3.4 (dark red to dark
green color map), and z = 0 (grayscale map), respec-
tively. Here a vertically upward direction is given by
the z-axis and the photosphere (solar surface) is rep-
resented by the (x, y)-plane at z = 0. Normalization
units are given by 2Hph (length), cph (velocity), ρph
(gas density), ρphc

2
ph (gas pressure), Tph (temperature),

and (ρphc
2
ph)

1/2 (magnetic field), where Hph, cph, ρph,
and Tph indicate the pressure scale height, adiabatic
sound speed, gas density, and temperature at the pho-
tosphere. We adopted γ = 5/3 and µ = 0.6 as the
specific heat ratio and mean molecular weight, respec-
tively, so 2Hph = 540 km in the simulation. A smaller
panel is placed in the lower right corner of this figure,
showing distributions of gas pressure (colors) and flow
velocity (arrows) along part of the loop, in addition to
the grayscale map of the photospheric magnetic flux
density. The cross sectional area of the loop is repre-
sented by a field-line thickness.

The top panel in Figure 3 shows variations in loop
height (black curve), field-aligned component of veloc-
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Figure 2. Main panel: Snapshot of an evolving magnetic loop (yellow field line) in MHD simulation of flux emergence.
Density distribution is displayed in a logarithmic scale using color volume rendering, while distributions of temperature,
∇ · v, and vertical magnetic flux density are represented by maps placed at z = 6.6 (green to pink color map), y = 3.4
(dark red to dark green color map), and z = 0 (grayscale map), respectively. A vertically upward direction is given
by the z-axis and the photosphere (solar surface) is represented by the (x, y)-plane at z = 0. Displayed domain size is
(−8,−9,−1) ≤ (x, y, z) ≤ (8, 17, 15). Length is normalized by 540 km. A movie is provided for a time period from t = 30.2
to t = 40 at a regular interval of 0.2 (http://163.180.179.74/~magara/Download/JKAS2022/fig2.mp4). Smaller panel in
lower right corner: Distributions of gas pressure (colors) and flow velocity (arrows) along part of the loop are presented, in
addition to the grayscale map of the photospheric magnetic flux density. The cross sectional area of the loop is represented
by a field-line thickness, while the red arrow indicates a speed of 10 (normalized by photospheric sound speed). s in Figure 3
represents loop length measured from the same location indicated by the magenta arrows.

ity v∥ (red curve), and Mach number based on that
component of velocity M∥ (blue curve) along the part
of the loop displayed at the smaller panel of Figure 2,
while variations in density (black curve), pressure (blue
curve), and temperature (red curve) are presented in a
logarithmic scale at the bottom panel. The areas col-
ored yellow (I, III, V, VIII), green (II, IV, VI), and
orange (VII) show selected regions where compression
(∇·v < 0), expansion (∇·v > 0), and shock (∇·v < 0)
occur, respectively. Here the front of the shock was de-
termined by deriving the location where ∇ · v changes
the sign from positive to negative, which gives the up-
stream Mach number M∥ = 4.3 at this location. We
then used it to calculate the downstream Mach num-
ber via Rankine-Hugoniot (RH) relation and derived a
location with this downstream Mach number, which is
the back of the shock. The temperature is reduced to 1
as the loop height is close to 0, which is caused by the
radiative cooling term (Newton’s law of cooling) incor-
porated to the energy equation of this simulation, given

by

Lrad = ρCv
T − T0(z)

τr
e−(

z−z0
d )

2

, (1)

where z0 ∼ 1, 000 km and d ∼ 400 km while T0(z)
indicates the distribution of temperature prescribed ac-
cording to a standard solar atmospheric model (Ver-
nazza et al. 1981), τr ∼ 1 s (Stix 1991) is the radiative
relaxation time, and Cv is the specific heat at constant
volume.

3. DISCUSSION

One of the prominent features of a magnetized atmo-
sphere where the dynamic formation proceeds via flux
emergence is that the atmosphere significantly deviates
from a smoothly stratified state; that is, strongly com-
pressed regions and strongly expanded regions highly
mix there, as shown by the ∇ · v map in Figure 2.
In such a strongly compressed region a dense plasma
will locally be produced (significant temperature en-
hancement is also expected there), which slides down
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Figure 3. Top panel: Variations in loop height (black curve), field-aligned component of velocity v∥ (red curve), and Mach
number based on that component of velocity M∥ (blue curve) along the part of the loop displayed at the smaller panel of
Figure 2. The blue (black) dotted line indicates a level of 1 (0). Bottom panel: Variations in density (black curve), pressure
(blue curve), and temperature (red curve). The areas colored yellow (I, III, V, VIII), green (II, IV, VI), and orange (VII)
show selected regions where compression (∇ · v < 0), expansion (∇ · v > 0), and shock (∇ · v < 0) occur, respectively. The
asterisks indicate the front and back of the shock. s represents loop length measured from the same location indicated by
the magenta arrows in Figure 2.

along a magnetic loop, thereby forming elongated high-
density structure in the atmosphere. This gives rise
to the blue multiple loop-like structure of density in
Figure 2 (see also http://163.180.179.74/~magara/
Download/JKAS2022/fig2.mp4).

Another prominent feature is found in dynamic
and thermodynamic states inside the evolving loop ex-
plained by Figure 3. Compared to the schematic illus-
tration in Figure 1d, where a smooth downflow exists,
Figure 3 reveals that compressed regions and expanded
regions are alternately distributed along the loop. Note
that unlike a confined flow in a rigid loop, the variations
in Figure 3 do not give the evolutionary path of a down-

flowing plasma, or rather, the figure shows a snapshot of
the dynamic and thermodynamic states of the plasma
inside the evolving loop taken at a certain time. During
an expansion phase of the plasma, its downflow tends to
be accelerated by gas pressure gradient force as well as
gravitational force along the loop. Figure 3 shows that
the downflow reaches a speed well above the free-fall
speed (2 g0 ∆h)

1/2
= 3.3 with g0 = 1.2 and ∆h = 4.6,

at the front of the shock. The shock produces a tem-
perature enhancement of 8 (this is 1.2 times larger than
the value obtained by RH relation with the assumption
that the downflow has only a field-aligned component
of velocity whose upstream Mach number is M∥ = 4.3).
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Further compression of the plasma and deceleration of
the downflow are found behind the shock, and all flow
energy is converted to the thermal energy in Region
VIII under that assumption (i.e., M∥ = 0). The tem-
perature reaches a value more than 100 in this region
which may correspond to the transition region of the
Sun.

For such an evolving magnetic loop in a low plasma
β atmosphere as discussed here, a downflowing plasma
in it could be compressed by the magnetic field sur-
rounding the loop, which may drive a strong super-
sonic downflow generating an effective footpoint heat-
ing source in it. This leads us to expect that an energy
conversion system is introduced to the magnetized at-
mosphere of the Sun, in which the free magnetic energy
causing the compression via Lorentz force is converted
to the thermal energy.

Two comments are made before closing our report.
One of them is on the property of a magnetic loop where
an effective footpoint heating source is generated. Ac-
cording to the blue multiple loop-like structure of den-
sity explained above, we expect that a number of high-
density loops are formed in the atmosphere, although
the temperature map in Figure 2 suggests that only
selected loops have effective footpoint heating sources.
This means that a loop with an effective footpoint heat-
ing source has a characteristic property based on dy-
namic and thermodynamic states inside it. We will in-
vestigate these states inside various loops obtained from
the MHD simulation and try to identify the character-
istic property.

The other comment is on the third process men-
tioned in introduction, by which heat is transported
upward from an effective footpoint heating source. Ob-
viously the present work just shows the generation of
an effective footpoint heating source, which is in fact an
initial process toward the formation of an illuminated
loop shown by the observation in Figure 1. To demon-
strate the succeeding process, we may have to perform
a separate simulation where thermal conduction is in-
cluded, which will be treated in our forthcoming paper.
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