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ABSTRACT

Recent observational and numerical studies show a variety of thermal structures in the solar chro-
mosphere. Given that the thermal interplay across the transition region is a key to coronal heating,
it is worth investigating how different thermal structures of the chromosphere yield different coronal
piepetties. In this work, by MHD simulations of Alfvén-wave heating of coronal loops, we study how
the coronal properties are affected by the chromospheric temperature. To this end, instead of solving
the radiative transfer equation, we employ a simple radiative loss function so that the chromospheric
temperature is easily tuned. When the chromosphere is hotter, because the chromosphere extends to
a larger height, the coronal part of the magnetic loop becomes shorter, which enhances the conductive
cooling. [A'larger loop length is therefore required to maintain the high-temperature corona against the
thermal conduction. From our numerical simulations we derive a condition for the coronal formation
with respect to the half loop length I, in a simple form: lioop > aTmin + lin, where T, is the
minimum temperature in the atmosphere and parameters a and Iy, have negative dependencies on the
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1. INTRODUCTION

The solar corona is the outer part of the atmosphere
that consists of hot plasma in excess of one million
kelvin. Its dynamic activity has been often captured by
the observation of soft X-rays and extreme-ultraviolet
(EUV) that are dominantly emitted from closed mag-
netic structures (Reale 2014). In other words, coronal
heating regulates the stellar X-ray and EUV emission
that significantly affects the evolution of protoplanetary
disks and planetary atmospheres (Vidal-Madjar et al.
2003; Sanz-Forcada et al. 2011; Ehrenreich et al. 2015;
Nakatani et al. 2018). Therefore, solving the coronal
heating problem is one of the most important problems
in astronomy.

One important factor in solving the coronal heating
problem is the energy transfer from the photosphere to
the corona. Among various forms of energy transfer,
Alfvén waves are expected to be dominant because it ex-
periences neither shock formation nor refraction (Alfvén
1947; Osterbrock 1961). The kinetic energy of the sur-
face convection is carried in the form of Poynting flux of
the Alfvén waves. It is finally converted into the ther-
mal energy via the wave dissipation to heat the hot
corona. Alfvén waves dissipate through multiple pro-

cesses such as nonlinear mode conversion to compress-
ible waves (Hollweg 1982; Kudoh & Shibata 1999; Suzuki
& Inutsuka 2005; Vasheghani Farahani et al. 2012), tur-
bulent cascading (Goldreich & Sridhar 1995; Matthaeus
et al. 1999; Cranmer et al. 2007; Verdini et al. 2010;
van Ballegooijen & Asgari-Targhi 2016; Shoda et al.
2019), phase mixing (Heyvaerts & Priest 1983; De Moor-
tel et al. 2000; Goossens et al. 2012) and resonant ab-
sorption (Erdelyi & Goossens 1995; Terradas et al. 2010;
Goossens et al. 2011). Whatever the dissipation mech-
anisms are, a large amount of Alfvénic Poynting flux
needs to be transported to the corona.

Given that the bulk of the Poynting flux is likely to
be transferred in the form of Alfvén waves through the
chromosphere, it is important to numerically investigate
the nature of Alfvén-wave propagation in the solar atmo-
sphere. In particular, a self-consistent calculation that
covers from the photosphere to the corona provides us
with a systematic understanding of the coronal heating
from wave generation, energy transfer and conversion
to heat. Such simulations have been extensively devel-
oped for the heating of coronal loops (Moriyasu et al.
2004; Antolin & Shibata 2010; Matsumoto 2016, 2018;
Washinoue & Suzuki 2019; Shoda & Takasao 2021) and
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the solar wind acceleration (Suzuki & Inutsuka 2005,
2006; Matsumoto & Suzuki 2012, 2014; Shoda et al.
2018; Sakaue & Shibata 2020; Matsumoto 2021). These
theoretical works show that Alfvén waves have a poten-
tial to feed a sufficient amount of energy into the corona.

Meanwhile, there has been little focus on the relation
between the chromospheric structure and the coronal
heating. The dynamical, thermal and magnetic proper-
ties of the chromosphere affect the Alfvén-wave propa-
gation in the chromosphere, and the coronal heating as
well. Recent observations show a highly dynamic and
complicated nature of the chromosphere (De Pontieu
et al. 2014; Tian et al. 2014; Yokoyama et al. 2018). It is
worth investigating the effect of different chromospheric
conditions on the coronal heating.

A key uncertain factor is the minimum temperature
of the atmosphere, Ty, which is located at the bottom
of the chromosphere. T, ~ 4200 K is widely used as
derived from the standard model of the static solar at-
mosphere (Vernazza et al. 1981). However, some obser-
vations indicate a lower value of T, (< 4000 K) based
on the existence of carbon monoxide molecules in quiet-
sun regions (Noyes & Hall 1972; Solanki et al. 1994;
Ayres & Rabin 1996). Recently, even cooler regions with
T ~ 3000 K are inferred from the inversion of the chro-
mospheric spectral lines retrieved by IRIS and ALMA
(da Silva Santos et al. 2020). Cool chromospheric mate-
rials are also found in numerical simulations. For exam-
ple, a radiation MHD simulation with non-local thermo-
dynamic equilibrium effects by Leenaarts et al. (2011)
shows the formation of cool gas with Ti,;, < 2000 K in
the solar chromosphere. We note, on the other hand,
that the chromospheric temperature could be hotter
than what the classical model predicts under the pres-
ence of ambipolar diffusion (Khomenko & Collados 2012;
Martinez-Sykora et al. 2015, 2017). Therefore, in spite
of recent progresses in the chromospheric modeling, the
chromospheric temperature still remains uncertain.

Given the uncertainty of the chromospheric tempera-
ture, we study the effect of Ty, on the coronal heating.
For this purpose, we carry out one-dimensional MHD
simulations for coronal loops and compare the loop pro-
files and radiative luminosities over a wide range of Ty, -

This paper is organized as follows. In Section 2, we
describe the numerical model and settings of the chro-
mospheric temperature for our simulations. The results
for the dependence of the coronal properties on Ty, are
shown in Section 3. We present further analysis and dis-
cussions in Section 4 and summarize the paper in Section

5.

2. SIMULATION

2.1. Basic Setup

The stellar parameters in our simulations are adopted
for those of the present Sun with the mass Mg and the
radius Rgp. The effective temperature is Tog = 5780 K,
the photospheric density is ppn = 2.5 % 1077 g cm™2 and
the magnetic field strength at the photosphere is fixed
to Bpn = 1.58 kG, which gives the equipartition between
the magnetic energy and the thermal energy (Cranmer
& Saar 2011; Suzuki 2018; Washinoue & Suzuki 2019).

A loop is modeled by a one-dimensional semicircular
magnetic flux tube anchored in the photosphere. We
take coordinates (s, L1, L), where s is along the loop
and the other two components are perpendicular to s.
We adopt the 1.5-dimensional approximation:

0 B 0 B
oL, 0l1ly
2.2. Flux Tubes

Because the flux tube expands with height in the chro-
mosphere (Cranmer & van Ballegooijen 2005; Ishikawa
et al. 2021), we formulate the expansion factor as

o fmax _|lloop_5‘/R®+b T
f(s) = 5 {tanh {a ( Yoo/ R + 4” + 1},
(2)
where fiax is the value of f(s) at the loop top. fimax =
150 is adopted for our standard cases, which gives the
coronal magnetic field strength Beoy = Bph/ fmax = 10.5
G. This value corresponds to the average coronal field
strength (Long et al. 2013; Reale 2014), and then, the
standard cases target magnetic loops in quiet-Sun re-
gions. We also run simulations with the strong coronal
field of B, = 105 G aiming at loops in active regions
by reducing fmax to 15 in Section 4.2. l0p is the half
loop length. Parameters a and b define the geometry of
the flux tube. These are formalized, as a function of a
height of the expansion Hexp, as follows:

0. (1)

l 2
a=— 5;;__}):@ arctanh (fmax - 1) , (3)
1 lloo
b= — P 1 Hex . 4

In particular, in the fiducial setting, Heyp, is set to be the
isothermal pressure scale height at T' = T,g, where Tog
is the cut-off temperature of the radiative cooling (see
Section 2.4). The profiles of f(s) and Bs = Bpn/f(s) (s
component of the magnetic field) are displayed in Figure
1. The blue solid line (Hexp = 126 km and fmax = 150)
represents the fiducial model for lioop = 50 Mm and
Tog = 5000 K. f(s) reaches fimax at 1.8 Mm in this case.
Other H.y, cases are used to discuss the effect of the
geometry of the flux tube in Section 4.7.
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Figure 1. The profiles of the expansion factor f(s) (top) and
B; (bottom) for different Hexp and fmax. The black solid line
corresponds to fmax = 15 and the others to fmax = 150.

2.3. FEquations

We numerically solve time-dependent MHD equations
with phenomenological turbulent dissipation (Shoda
et al. 2018):

Os
L(pyrvi)or pGM@ s
+ f P+ 2 ) Os R2 o8 2lloop ’
(6)
g _ 1 8 _ B BJ_ 3/2
at(va) = fs/z s [(P VsV L In > f -

— N1 pvL — N2 \/ BL,

G s 10
2 (F —
2 neos (G ) + 35S an =0
(9)
and
p= 2kl (10)
pma

where G is the gravitational constant. R is the height
measured from the center of a star, which is related to s
as R = Ra + (2loop/m)sin(ms/2leop). € = P/(y—1)p is
the internal energy per unit mass where v = 5/3 is the
ratio of specific heats. kg is the Boltzmann constant and
myp is the atomic mass unit. p is the mean molecular
weight; we adopt u = 1.2 for T < 6 x 10° K and 1 = 0.6
for T > 10* K, where we smoothly interpolate x4 in the
intermediate range, 6 x 10> K < T < 10* K

71 and 72 in Equations (7) and (8) are diagonal ma-
trices for the diffusion terms described as follows (Shoda
et al. 2018);

Cd _
. o (ZL 1+ 1L ]) 0
M = A\ |L| |L| ey . - 7 (11)
0 a(|ﬂ2|+|ﬂ2})

z z7 0
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where A is the perpendicular correlation length of the
Alfvénic turbulence. zf_ = v, FB, /+/4mpis the Elsésser
variables (Elsasser 1950). We assume that A increases
with the width of the flux tube:

A= XV [(s), (13)

where \g represents the correlation length at the pho-
tosphere and we adopt Ag = 100 km as a typical size of
inter-granular lanes. ¢4, the dimensionless parameter to
characterize the turbulent dissipation, is set to ¢4 = 0.1,
following van Ballegooijen & Asgari-Targhi (2017) and
Verdini et al. (2019).

In Equation (9), F¢ is the thermal conductive flux that
is described as

F, = %TS/Q?)%’ (14)
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where k= 1076 erg cm ™! s~ K~7/2 is the Spitzer con-
ductivity (Spitzer & Harm 1953). gr denotes the radia-
tive cooling rate per unit volume. In the hot (7' > 10*
K) and tenuous (p < 10716 g ecm™3) region, we employ
the optically thin cooling for gp:

4r = A(T)nn,. (15)

where A(T) is the cooling function and we use the cool-
ing table from Sutherland & Dopita (1993). n and n.
are ion and electron number densities, respectively. In
the other region, we adopt a simple prescription based
on the empirical cooling rate for the solar chromosphere
(Anderson & Athay 1989),

qr = 4.5 x 10%p, (16)

where g and p are measured in cgs units. Because
we artificially tune the chromospheric temperature by
quenching the radiative cooling (Section 2.4), solving
the radiative transfer equation would be an excessive
effort.

2.4. Chromospheric Temperature

We artificially set up different chromosphric temper-
atures to investigate the impact of the chromospheric
structure on the corona. To vary the temperature in the
chromosphere, we introduce a cut-off temperature for
the radiative cooling, Tog; when T < Tyg, qg is turned
off. T,g determines the minimum temperature, Ty,
and the temperature structure in the chromosphere. Ac-
cordingly, it also governs the density profile through the
stratification of the atmosphere, which affects the prop-
agation and reflection of Alfvén waves.

2.5. Initial Condition & Wave Injection

We initially set a static (v = 0) and isothermal
(T = T.q) atmosphere all along the loop. Velocity per-
turbations are injected from the photosphere in all the
three directions to excite shear Alfvén waves and acous-
tic waves. We adopt the same root-mean-squared am-
plitude of 6v = 1.0 km s~! for each component, which is
comparable to the observed photospheric motions (Mat-
sumoto & Kitai 2010). The spectral shape is propor-
tional to w™! in a range between wmi, = 2.0 x 1073 Hz
and Wpax = 3.3 x 1072 Hz, where w is the frequency of
the photospheric fluctuation.

2.6. Numerical Resolution

The grid size is gradually increased from the photo-
sphere to the corona in accordance with the variation
of the Alfvén speed to resolve Alfvén waves at different

locations. We set the grid size as

Asmin (s < 51)
As = % {tanh [as (% + 1)] + 1} (17)

(s > s1),

where Aspin = 5 km, Aspax = 80 km, s; = 3000 km
and o = 4.5 x 10~*. We also perform higher-resolution
simulations with As;, = 2 km for some cases to exam-
ine the dependence on the numerical resolution (Section
4.5). In this study, the 2nd order Godunov method is
used to calculate compressible waves and the method of
characteristics is used for incompressible waves (Stone
& Norman 1992; Suzuki & Inutsuka 2005).

3. RESULTS

We perform simulations for six different cut-off tem-
peratures in the range of 2000 K < Tyg < 6500 K to
examine the effect of the chromospheric structure on
the corona. We also test cases with different half loop
lengths, lioop = 10,12.5, 15,20, 25,50 and 100 Mm.

In our simulation, velocity perturbations are injected
with the broadband spectrum (Section 2.5). Alfvén
waves, that are driven by the high-frequency transverse
fluctuations, propagate upward and play a role in al-
ternative current (AC) heating; they dissipate via tur-
bulent cascade (Shoda & Takasao 2021) and nonlinear
mode conversion to compressible waves (Moriyasu et al.
2004) to heat the gas. The low-frequency fluctuations,
whose period is longer than the Alfvén-crossing time,
are responsible for direct current (DC) heating through
the diffusion terms in Equations (7) & (8).

All the simulated coronal loops reached quasi-steady
states within approximately 1.5 hours after the start of
the simulations. We take the time-average from t = 3
hr to ¢t = 15 hr to compare the general properties of
different cases.

3.1. Loop Profiles

Figure 2 shows the time-averaged profiles for the cases
with lioop = 50 Mm. It is clearly seen that different
Toms give different chromospheric structures. Figure 3
displays the relation between Tog and Ty, for the cases
with lioop = 12.5 and 50 Mm, where Tii, is the time-
averaged minimum temperature. Ty, is lower than Tog
by 800 — 1400 K because of the adiabatic cooling. In
high-T,g cases, the temperature decreases only weakly
below the chromosphere (top panel of Figure 2) because
of the strong quenching of radiative cooling. As a result,
the gas density slowly decreases with increasing altitude
due to the extended scale height.
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Figure 2. Time-averaged loop profiles of the temperature
(top), density (middle) and Alfvén speed (bottom) for ligep =
50 Mm with different Tog. The squares point the position at
T =10° K.

The transition region is governed by the energy bal-
ance between thermal conduction and radiative cooling.
Since they have different dependencies on density, for
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Figure 3. Tmin against Tog in the cases of lioop = 50 Mm
and 12.5 Mm. The dashed line denotes Tinin = Tog-

the fixed input energy and loop length, its location is pri-
marily determined by density, in spite of different Tog.
In fact, the middle panel of Figure 2 shows that the
density of the transition region, which is represented by
p at T = 105 K (squares), is almost independent from
Tmin (see also Section 4.1). Therefore, the larger scale
heights in the chromosphere give higher altitudes of the
transition region. For example, the height at T = 10°
K is 2000 km for Tog = 6500 K, while it is 700 km for
Toi = 2000 K (squares in the top panel).

On the other hand, the physical properties of the
corona are similar for different Tog cases with ljpop, = 50
Mm, although we see the coronal temperature and den-
sity are slightly lower in lower T,g cases. This can be
clearly seen in the black circles of Figure 4, which shows
the temperature and density at the loop top, Tiop and
Prop as a function of Tiyin. We note that the data in
Figure 4 are plotted against Ty, (minimum tempera-
ture), which is lower than Tog (radiation cut-off tem-
perature) (Figure 3). The weak dependence on Ty,
is a consequence of two conflicting effects. First, the
rapid decline of the density in low-Tog cases results in
the steep increase of the Alfvén speed (middle and bot-
tom panels of Figure 2), which enhances the reflection of
Alfvén waves in the chromosphere (An et al. 1990; Velli
1993; Cranmer & van Ballegooijen 2005; Verdini et al.
2012; Suzuki et al. 2013). Therefore, a smaller fraction
of the input Alfvén waves can feed energy to the corona.
Second, since the chromosphere is relatively thin in low
Tos cases, the energy loss by the radiative cooling at the
low altitude is reduced. Consequently, these effects are
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Figure 4. Temperature (top) and density (bottom) at the
loop top with Tmin for lioop = 50 Mm (black circles) and
lioop = 12.5 Mm (blue squares). Cyan squares are the cases
with 2 km for resolution at the transition region for ligep =
12.5 Mm.

canceled out and a strong dependence on Ti,;, does not
appear.

The profiles of shorter loops (lipop = 12.5 Mm) are
shown in Figure 5. The structures in the lower atmo-
sphere are similar to those of the long loop cases (Fig-
ure 2). It shows, however, a different trend in terms
of Thin in the upper atmosphere. In particular, when
Tog > 6000 K, the million-kelvin corona is not formed.
In these cases, the chromosphere occupies a sizable frac-
tion of the loop in length, which results in the decreased
length in the coronal part. Therefore, there should be a
condition for the coronal formation in terms of the coro-
nal loop length, which is discussed in Section 4.1. The
dependences of Tiop, and piop 0N Trin are also shown by
the blue squares in Figure 4. Tiop and piop do not de-
pend on Ty, for T, < 4000 K, while they are much
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Figure 5. Time-averaged loop profiles of temperature (top)
and density (bottom) for lioop = 12.5 Mm with different Tog.
The squares point the position at T = 10° K.

lower for T, > 4000 K. In short loops, the lower atmo-
spheric structure significantly affects the physical con-
dition in the upper atmosphere. We will discuss the
details later in this section and Section 4.1.

We also inspect the dependence on [, for different
Tog cases. Figure 6 shows Tiop and piop against ligep
when Tog = 6500 K and 2000 K. It can be seen that
longer loops generally give higher temperature and lower
density at the loop top, as predicted by the RTV scaling
law (Rosner et al. 1978).

Tiop and piop do not significantly depend on Tiin in
the cases with lijoop > 15 Mm. In contrast, for the
shorter loops with ljoop < 15 Mm, the chromospheric
temperature has a strong impact on the corona. The
high-temperature corona is realized only in the low Tog
cases. A thick chromosphere is formed in the high-Tog
cases, so that the remained length is no longer sufficient
to maintain the high-temperature corona against ther-
mal conduction. The gas at the loop top is heated only
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Figure 6. Temperature (top) and density (bottom) at the
loop top with loop length when T,g = 2000 K (black circles)
and 6500 K (pink squares).

up to (4 —5) x 10° K when T,g = 6500 K in the loop of
livop = 12.5 Mm and it is even lower for ljoop, = 10 Mm
(see also Section 4.1).

3.2. Radiative Luminosities

We estimate the radiative luminosity of a star whose
surface is filled with the simulated loops (Washinoue &
Suzuki 2019);

_ 47TR%
fmax

We define Lryy as the extreme ultraviolet (EUV) lumi-
nosity from the gas in the temperature range of 1.5 x 10°
K< T <1.1x10% K and Lx as the (soft) X-ray luminos-
ity with 7" > 1.1 x 10% K, which respectively correspond
to the energy ranges of 13.6 eV - 0.1 keV and > 0.1 keV.

Figure 7 shows the Tihin — Lguv and Ty, — Lx re-
lations for ljoop = 50 Mm and 12.5 Mm. The shaded

L

/ arf(s)ds. (18)
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Figure 7. EUV (top) and X-ray (bottom) luminosities with
Tmin for liop = 50 Mm and 12.5 Mm. The shaded region
represents the range of the solar X-ray luminosity obtained
from the observation (Peres et al. 2000; Johnstone & Giidel
2015).

region in the bottom panel represents the range of the
solar X-ray luminosity obtained from the observation
(Peres et al. 2000; Johnstone & Giidel 2015). It can be
seen that the dependence on T, differs by the loop
length.

When lioop = 50 Mm, Lgyv is weakly affected by
Tiin- The spatial fraction of the EUV emission region
is larger for smaller T},;, because the transition region
is located at a lower height. Meanwhile, the efficiency
of emission is reduced because the density above the
transition region is slightly lower (middle panel of Figure
2). These two effects are canceled out to give nearly
constant Lgyyv on Tyin. On the other hand, Lx has a
weak but non-zero dependence on Ty, ; larger T, gives
larger Lx. This is because the density with 7 > 1.1x 10°
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Figure 9. Comparison of the time-averaged profile of the
gas pressure for lioop = 12.5 Mm and Tog = 2000 K (black
solid line) to the isothermal hydrostatic profile for T' = Tep, =
1500 K (blue dashed line).

K near the loop top is higher for cases with higher Ty,
(Figure 4).

When the loop is short (lioop = 12.5 Mm), a significant
difference is seen in Lx for different T,,;, cases. Ly for
Tmin < 2000 K is nearly two orders of magnitude higher
than that for T, ~ 4000 K because in high-T,,;, cases,
the volume with > 1.1 x 10° K is severely reduced (Fig-
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Figure 10. si with Thin for the cases giving Tiop > 0.5
MK. The dashed line is the fitting line given by Equation
(21).

ure 5) The data points for Tog = 6000 and 6500 K do
not appear in the displayed range of both Lx and Lgyv
because the gas is not heated up to 10° K (Figures 4
and 5). The hot region emitting X-rays is small in the
short loop, so that Lx in Ty, < 4000 K is also weaker
than that from longer loops.

4. DISCUSSION
4.1. Condition for the Formation of Corona

As seen in Section 3, short loops with high Ty, fail
to produce the million-kelvin corona. We here quantita-
tively discuss the condition of the coronal formation in
terms of Tiin and lioop, from the energetics in the loop.

We first define the pressure scale height (Hcy) in the
chromosphere under the isothermal approximation,

X Tch, (19)

where = 1.2 as a typical value for the weakly ionized
gas in the photosphere and chromosphere (Cranmer &
Saar 2011; Zurbriggen et al. 2020). T, is the temper-
ature at the characteristic density po, = 1072 g ecm™3
in the low chromosphere. We note that our simulations
giVG 71min < Tch < Toff-

We define s, as the distance between the photosphere
and the transition region (where T' = 10° K). Utilizing
Equation (19), we can estimate

P,
Sty = Hep X 1n (Pph> , (20)
tr
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Figure 11. Volumetric heating rates for lioop = 12.5 Mm
with different Tog.

where Py, and P, are the pressures at the photosphere
and the transition region with 7' = 10° K. Figure 8
shows the average value of P, ~ 10 dyn cm~2 with a
weak dependence on Tiyiy,.

In deriving Equation (20), we simply assume that the
gas is isothermal with T' = T, throughout the chromo-
sphere. To validate this assumption, Figure 9 compares
the profile of the gas pressure from the simulation with
Tog = 2000 K (black solid line) and lipop = 12.5 Mm
to that in the hydrodynamic equilibrium with constant
temperature T' = T, = 1500 K (blue dashed line). The
good agreement between the two lines below the transi-
tion region indicates that the isothermal approximation
is reasonable to estimate sq,.

Ten is proportional to Ty, in our simulations; we ob-
tain the average trend of Ty, = 1.17T;,. Then, from
Equations (19) and (20), st has a linear dependence
on Tiin. Figure 10 shows the relation between si, and
Thin for the cases that give the temperature at the top
Tiop > 0.5 MK. The dashed line shows a linear fit:

Tmin
st = 0.33 (103 K> Mm. (21)

When we directly derive the relation using Tu, =
1.1Twin, Pon = 10° dyn cm™2 and P,; = 10 dyn cm ™2,
Equation (20) yields si, = 0.25(Timin/10° K), which
roughly reproduces Equation (21).
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To inspect the energetics in loops, we evaluate the vol-
umetric heating rate by the dissipation of Alfvén waves,

Eyg=-V 1B(B )+1 2+Bi
H= et 1 v 2p’UJ_ - Vs | -
(22)

Figure 11 compares the profiles of Ex for lioop = 12.5
Mm. In the cases of Tog > 6000 K, EFy drops with
height up to the loop top, while low-T,g¢ cases show the
uniform heating rate in the corona. Here, we define

leor = lloop — Str (23)

as the half length of the coronal region. Even though
loop is the same, lcor is smaller for higher Tog, which
gives larger downward conductive flux (x IL) for a
fixed Tiop. Hence, larger Ey is required to maintain
the corona for higher T, cases. However, Figure 11 in-
dicates that this is not satisfied, and therefore, the hot
corona with Tiop, > 0.5 MK is not formed in the cases
with Ty > 6000 K (Figures 4 & 5 ).

For static coronal loops, the maximum temperature
and the volumetric heating rate are related to leo, (Equa-
tion (23)) and the pressure, P, in a loop via the RTV
scaling laws (Rosner et al. 1978; Serio et al. 1981;
Zhuleku et al. 2020):

p Ry 1/3
Tarv|K] ~ 1.4 x 103 [ ——— cor 24
rrv[K] x 10 <dyn cm—Q) (cm) » (24)

EHR,TV [erg Cm73‘9_1]

7/6 —5/6
~ 9.8 x 10* _r Leor . (25)
dyn cm—2 cm

We here compare our results with Equations (24) and
(25). Figure 12 shows Tiop and Ep with P31/ and
P7/61.2/% for all the simulated cases. We use the value of
P;, for P and the averaged value over 8 Mm around the
loop top for Eg. For s, which is necessary to determine
lcor (Equation (23)), we adopt the values obtained from
our simulations for Ti,, > 0.5 MK (open symbols) and
the values expected from Equation (21) for Tiop < 0.5
MK (filled symbols).

Tiop and Ep of the cases with the high-temperature
corona (open symbols) exhibit the same dependencies as
the original RTV scaling laws. The fitting to the open
symbols gives

1/3 1/3
Ty ~ 5.0 x 102 (1 P (e (26)
P dyn cm—2 cm ’

Eu~35x104 (1 7 (e ) (27)
o= dyn cm—2 cm ’
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Figure 12. Tiop with PY/3122 (top) and Exn with P7/61.3/¢
(bottom) for all the simulated cases. Open symbols corre-
spond to the cases in which the corona is formed (Tiop > 0.5
MK). Filled symbols are the cases in which the corona is not
formed (Tiop < 0.5 MK). The dashed lines are the fitting
lines of Equations (26) and (27).

The deviations from Equations (24) and (25) probably
come from the lack of numerical resolution at the transi-
tion region (see Appendix of Shoda & Takasao (2021)).
On the other hand, all the filled symbols (Tiop < 0.5
MK) are below the fitting lines of Equations (26) and
(27); because of the insufficient heating (Ep of the bot-
tom panel), the upper layer cannot be heated up to the
sufficiently high temperature (top panel).

To clarify the condition for the formation of the high-
temperature corona, we summarize the cases with (with-

cee leor=3.354+6.7
30 +

AAAAA A

SS o o o o

% 0 e
Ooao 1:?20.
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Figure 13. l.or with s¢r (top) and ligep With Tmin (bottom).
The symbols are the same as those in Figure 12. The hot
corona is not formed in the shaded region where Equations
(28) and (29) are not satisfied.

out) the corona of Tiop > 0.5 MK by open (filled) sym-
bols in a s¢ — leor plane (top panel of Figure 13). We
find that the corona is formed when

leor > 3.384; + 6.7 Mm. (28)

Using Equations (21) and (23), we can further rewrite
Equation (28) with lioop and Tiin;

Tmin
loop > 1.4 (103 K) +6.7 Mm. (29)

When we directly fit the data in a Tnin — licop Plane,
we obtain the same condition of the coronal formation



(bottom panel of Figure 13). For loops with small ljo0p
and high T, Equation (29) does not hold; the corona
with T" > 0.5 MK is not formed in the shaded region.
It quantitatively confirms the results in Section 3.1 that
the coronal properties of the short loops (lioop < 12.5
Mm) are determined by the temperature and density
structures of the chromosphere, while those of the long
loops are hardly affected.

Equation (29) indicates that at least ljoop > 6.7 Mm
is required for the formation of the corona in the limit
of Timin — 0 and that a small increase of the chromo-
spheric temperature drastically enhances the required
livop- Specifically, when s;, increases by 1 Mm, lioop
needs to increase by 4.3 Mm to form the corona (see
Equations (23) and (28)). This is because a large
amount of Alfvén waves dissipates in the extended chro-
mosphere when s;, increases. As a result, a smaller frac-
tion of the input Alfvénic Poynting flux survives in the
upper layer, leading to the loss of corona. We also dis-
cuss the importance of the wave dissipation in the chro-
mosphere in Section 4.7.

4.2. Condition for Active Regions

In the former sections, we have simulated the loops
with the coronal field strength B, = 10.5 G by setting
fmax = 150 (Figure 1), focusing on magnetic loops in
the quiet-Sun. The million-kelvin corona is not formed
in loops with liop < 12.5 Mm and hot chromosphere
Thin > 4000 K. In reality, however, bright short loops
have been observed in solar active regions (Aschwanden
et al. 2008), which is apparently contradictory to our
conclusion. This discrepancy occurs possibly because
the coronal-formation condition is affected by the coro-
nal field strength.

In this section, we change the numerical setup to
derive the condition for the coronal formation with a
stronger magnetic field. We here test the cases with
Beor = 105 G by setting fmax = 15. We note that By,
is unchanged in the active-region setting, so that the
equipartition on the photosphere is still satisfied (the
black solid lines in Figure 1). To find the condition for
the formation of the corona, we carry out the simula-
tions particularly in short loops with i, = 5.0,7.5,10
and 12.5 Mm.

The coronal property is affected by fiax. Figure 14
compares the time-averaged profiles for f,.x = 150 and
15 with lioop = 12.5 Mm and Tog = 5000 K. It is clearly
seen that smaller f.x, namely stronger coronal mag-
netic field, gives higher coronal temperature and den-
sity.

Black and blue squares in Figure 14 show that the
location of the transition region (7" = 10° K) also de-

11

1 — foax=150

-== fnax=15

125 1 01
s [Mm]

0.1 1

Figure 14. Time-averaged loop profiles of temperature
(top) and density (bottom) for fmax = 150 (black solid
line) and 15 (blue-dashed line) with licop = 12.5 Mm and
Tor = 5000 K.

pends on fiax. In the smaller- fi, .5 case, the conduction-
radiation balance is achieved at a lower height owing to
the enhanced heating. The density at the transition re-
gion is also higher because the large thermal conduc-
tion leads to the efficient chromospheric evaporation.
Figure 15 shows the relation between sy and T, for
fmax = 15. The linear fitting gives

st = 0.19 (11(;?1;{) Mm. (30)

We plot the simulated cases in st —lcor and Tinin —lioop
planes in Figure 16, where we estimate s, for Tiop, < 0.5
MK (filled symbols) by using Equation (30). Compared
to the cases with weak magnetic field (Figure 13), the
corona can be formed in smaller /jop. The conditions
for the coronal formation are obtained as follows;

leor > 325 + 4.1 Mm, (31)
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Tmin
103 K

loop > 0.80 ( ) +4.1 Mm. (32)

Comparing Equations (29) and (32), it turns out that
the coronal field strength highly affects the condition
of forming the corona. The stronger coronal magnetic
field allows to form the hot corona in shorter loops even
though the chromospheric temperature is high. The
dependence on Ty,;, is weaker because the height of
the transition region is lower for stronger coronal field
(Equations (21) & (30)).

4.3. Effect of the Photospheric Perturbations

In this study, the simulations are carried out with
the typical setup for the wave injection from the pho-
tosphere (Section 2.5). The physical properties of the
photospheric driver affect the coronal heating, and ac-
cordingly the condition for the coronal formation.

The amplitude of velocity perturbation has a certain
effect on the coronal properties (Antolin & Shibata 2010;
Suzuki et al. 2013). When the amplitude is increased,
the heating is enhanced owing to the large input Poynt-
ing flux. The constraints of the coronal formation by
the chromospheric temperature is then expected to be
loosened.

In addition, the heating efficiency from Alfvén waves is
controlled by the range of the frequency spectrum which
determines the ratio of high/low-frequency components
of the injected waves. We will also discuss the different
heating mechanisms in the next subsection.

4.4. Heating Mechanisms

20
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— 151
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Figure 16. lcor with s¢r (top) and ligop With Tmin (bottom)
for fmax = 15. The hot corona is not formed in the shaded
region where Equations (31) and (32) are not satisfied.

High-frequency waves with the wavelength smaller
than the loop length behave as propagating waves. They
dissipate via turbulent cascade and nonlinear mode con-
version. The high-frequency longitudinal fluctuations,
as well as the transverse ones, also play a role in heating
from mode conversion (Shimizu et al. 2022). In contrast,
the low-frequency waves with wavelength larger than the
loop length have the different behaviors. A moderate
fraction of the low-frequency fluctuations in the corona
is trapped between the transition regions due to reflec-
tion. Thus, these fluctuations gradually evolve into tur-
bulent state due to field-line braiding. They eventually



contribute to the heating by magnetic reconnections of
braiding field lines (Parker 1972, 1983), which can be
handled in the diffusion terms in Equations (7) & (8).

When we compare the total amount of the heating for
loops of different lengths, it is larger for longer loops
because they have a larger spatial region, and then a
larger fraction of the Poynting flux entering the corona
can dissipate to heat the gas. In particular, the decay
of the Poynting flux in the low-density region at a high
altitude gives a large heating rate per mass, which allows
the gas to be heated to high temperatures. On the other
hand, short loops do not have a sufficient length for the
energy to decay, and therefore a small fraction of the
Poynting flux that dissipates into heat. Therefore, some
cases fail to produce a hot corona due to the insufficient
heating (filled symbols in the bottom panel of Figure
12).

Recently, localized transient brightenings, ”camp-
fires”, were detected in the quiet Sun with high-
resolution EUV observations with Solar Orbiter/EUIL
They are generally short lived with 10 — 200 sec, and
show small loop-like structures with the full length of
0.4 — 4 Mm (Berghmans et al. 2021). This loop length
does not satisfy Equations (29) & (32). The inconsis-
tency is probably because these transient brightenings
are originated from impulsive magnetic reconnections
that are associated with interactions between neighbour-
ing loops (Chen et al. 2021). Our simulations cannot di-
rectly handle this phenomenon due to the limited treat-
ment of the time-steady heating in a single isolated loop.
To generalize Equations (29) & (32) for various heating
mechanisms is a direction of our future studies.

4.5. Numerical Resolution for the Transition Region

In our simulation, the transition region is resolved
with the grid size of 5 km for all the cases (Section
2.6). However, particularly when the hot corona forms
in short loops, higher resolution may be required to
accurately solve the interaction between the downward
conductive flux from the corona and the chromospheric
evaporation. Previous numerical studies have reported
that the coronal density is underestimated when the
transition region is not sufficiently resolved (Bradshaw
& Cargill 2013; Johnston et al. 2017).

To inspect the effect the numerical resolution, we run
the additional simulations with a finer grid size of 2 km
at the transition region. For the cases of B, = 10.5 G
with lioop = 12.5 Mm, Tiop and piop are plotted in Fig-
ure 4 (cyan squares). When the cyan squares are com-
pared with the blue squares, piop is slightly increased
for high-resolution cases, while Ti,, shows almost the
same values. The same trend is also seen for the cases
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of Beor = 105 G with ligop = 7.5 Mm. These indicate
that the condition of the coronal formation (Equations
(29) & (32)) is not sensitively affected by the spatial
resolution.

4.6. Radiative Loss in the Chromosphere

To perform simulations with a variety of thermal
structures, we artificially set the chromospheric temper-
ature by controlling the radiative cooling. Our simula-
tions employ the simple empirical function for the ra-
diative loss in the chromosphere, following Anderson &
Athay (1989) (Equation (16)). Since our purpose is to
characterize the properties of the upper atmosphere by
Thin, the precise modelling of the radiative loss is out of
scope of this study.

We here discuss the impact of the different radiative
loss function on our results. While Equation (16) as-
sumes the constant cooling rate per mass, the radiative
loss in the chromosphere is in fact dominated by several
strong spectral lines formed at different locations. Cur-
rently, a sophisticated recipe for radiative cooling and
heating has been developed from the detailed radiative
transfer calculation to reproduce the spectral features in
the chromosphere (Carlsson & Leenaarts 2012). Wang
& Yokoyama (2020) have compared the resultant atmo-
spheres using the different radiative loss functions by
Anderson & Athay (1989) and Carlsson & Leenaarts
(2012). They have reported that, although the detailed
treatment of Carlsson & Leenaarts (2012) is more ap-
propriate to study dynamical phenomena in the chro-
mosphere, the time-averaged radiative losses and tem-
perature profiles are in close agreement between the two
treatments. Therefore, the different radiative loss func-
tion does not probably affect the condition for the for-
mation of the quasi-steady corona (Equations (29) &

(32)).
4.7. Geometry of the Flux Tube

So far, we have fixed the geometry of the flux tubes
based on the scale height in the chromosphere (Section
2.2). In reality, however, the chromosphere is expected
to exhibit a variety of the magnetic structure. Here we
study the effect of the flux-tube configuration on the
coronal properties.

We run the simulations with different profiles of f(s)
shown in Figure 1; we vary the value of Hexp with keep-
ing fmax = 150 and T,g = 5000 K. The simulations for
Tog = 5000 K in Section 3 adopt Hexp = 126 km (blue
line). We here set Hexp = 51 km, 177 km and 378 km in
Equations (3) and (4), and in these cases f(s) reaches
fmax at 1.1 Mm, 3.0 Mm and 7.0 Mm, respectively.

The loop profiles are compared in Figure 17 and Tip
and pop are shown in Figure 18. The corona is largely
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Figure 17. Time-averaged loop profiles of temperature,
density, Alfvén speed and energy density of the Alfvén waves
for different Hexp when lioop = 50 Mm and Tog = 5000 K.

affected by the location of the expansion because it
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Figure 18. Temperature and density at the loop top with
Hexp when ligop = 50 Mm and Tog = 5000 K.

affects the propagation of Alfvén waves through the
change of v4. The third panel of Figure 17 shows that
the profiles of v4 are quite different. For example, in
the case of Hexp = 51 km, the Alfvén speed first de-
creases in height below the transition region because the
magnetic field, B(s) = Bpn/f(s), quickly decreases due
to the rapid expansion of the flux tube. The variation
of v4 causes the reflection of Alfvén waves back to the
photosphere (An et al. 1990; Velli 1993; Cranmer & van
Ballegooijen 2005).

To see this effect, we present the energy density of
Alfvén waves,

1 5, B2
== — 33
Tt (33)
in the bottom panel of Figure 17. The case of Hexp = 51
km gives the smallest survived Alfvénic energy density
in the corona mainly because of the reflection below the
coronal base.
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Figure 19. Lgyv and Lx with Heyxp when lioop = 50 Mm
and Tog = 5000 K.

The case of Heyp = 378 km also shows the relatively
cool corona. The Alfvén speed has a peak at the coro-
nal base because of the high position of the expansion,
contrary to the case of Hexp, = 51 km. In the presence of
local maximum in the Alfvén speed, only a small fraction
of the input Alfvénic wave energy is transmitted into the
corona due to reflection. This is confirmed in the com-
parison of € (bottom panel of Figure 17). Our standard
case of Hexp = 126 km gives the highest temperature
and density in the corona, which indicates that the ef-
ficient heating occurs when the Alfvén speed smoothly
changes without dip nor bump.

In Figure 19, we show the variations of Lgyy and Lx
with respect to Heyp. Both are largest at Hey, = 126
km, which is expected from the results in Figures 17 and
18. When Heyp = 51 km, Lx is much smaller than the
other cases because the coronal density and temperature
are small (due to weak heating, see Figure 18).
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5. SUMMARY

We performed the one-dimensional MHD simulations
of coronal loops to study the relation between the chro-
mospheric thermal structure and the coronal properties.
The chromospheric temperature, which is characterized
by its minimum value Tii,, is controlled by the switch-
off temperature of the radiative cooling Tog. We find
that the thermal structure of the lower atmosphere cer-
tainly has a strong impact on the coronal heating.

A common trend obtained in our simulations is that
in higher Ty, cases, the chromosphere is thicker due to
the extended density scale height. The properties of the
upper layer is governed by the loop length in addition
to z1min-

For our standard cases, we assumed the quiet solar
atmosphere that exhibits Beoy = 10.5 G (fimax = 150).
When ljoop > 12.5 Mm, the coronal properties are
not largely affected by the chromospheric temperature.
Since the gradient of Alfvén speed is smaller for higher
Tmin cases, a larger fraction of the input Alfvénic waves
can transmit to the corona, which leads to the forma-
tion of a hot and dense corona. On the other hand, the
dense extended chromosphere with high T,,;, enhances
the energy loss by radiative cooling. The dependence
of Tiop and piop 0N Thyin is therefore small owing to the
cancellation of these two effects. Correspondingly, most
cases show that Lgyyv and Lx give the similar values
even for different Tii,.

However, in short loops with ljoop < 12.5 Mm, it is
difficult to form a high-temperature corona in high-T1,;,
cases because the fraction of the chromosphere is too
large, leaving an insufficient loop length for the corona.
In the cases of lj,op = 12.5 Mm, the corona is not formed
when Ti,in, > 4000 K, while T, and pyop do not strongly
depend on T, when Thyin < 4000 K.

From the simulated cases with B.,,=10.5 G, we have
found that the condition for the coronal formation is
given by loop > 1.4(Timin/10® K) + 6.7 Mm (Equation
(29)). This indicates that a small change of Ty, gives a
large impact on the required ljoop. It is concluded that
the coronal heating is inseparably linked to the physical
condition of the chromosphere.

In addition, we inspected the condition with the
strong coronal magnetic field by setting small fiax.
When the coronal magnetic field is strong, the hot
corona is easily realized even in short loops with hot
chromosphere because the strong magnetic field en-
hances the heating. The condition is altered to be
lioop > 0.8(Trmin/10® K) +4.1 Mm (Equation (32)) when
we adopt ten times stronger coronal field strength, 105
G, by reducing frax to 15.
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We also investigated the effect of the geometry of
the flux tube on the heating processes by changing the
location of the expansion of the flux tube. Because the
shape of f(s) determines the profile of v4, it directly
affects the propagation and reflection of Alfvén waves.
We find that the energy can be transported most ef-
ficiently when the distribution of vy along the loop
shows a smooth profile. When a flux tube expands too
quickly in altitude, v4 gives a dip structure in the low
chromosphere. Conversely, when it expands too slowly
in altitude, vy shows a bump structure. Concave and
bumpy profiles enhance the reflection of Alfvén waves so
that the coronal heating is suppressed. As a results, the
temperature and density, and accordingly Lgyy and Lx,
are lower than those in cases with a smooth profile of v4.
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