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Abstract

The equations of thermal equilibrium along a symmetric coronal loop with a constant
cross-sectional area including gravity is investigated. A coronal heating function depending on
distance along the loop is considered. The effects of varying the values of the parameters invol-
ved in the governing equations are also analyzed. It is found that there is a critical decay length
of the heating, below which a hot coronal loop does not exist. It is suggested that thermal non-e-
quilibrium occurs, allowing for the existence of catastrophic cooling. In addition, it is shown
that prominence-type equilibria are possible. A distortion of the magnetic field simulating a dip
is also studied.
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Condensaciones térmicas en lazos coronales hidrotaticos

Resumen

Las ecuaciones del equilibrio térmico a lo largo de un lazo coronal simétrico con seccion
transversal constante incluyendo gravedad se investigan. Una funcién de calentamiento coro-
nal dependiendo de la distancia a lo largo del lazo es considerado. Los efectos de variar los valo-
res de los parametros implicados en las ecuaciones que gobiernan también se analizan. Se en-
cuentra que hay una longitud critica del decaimiento del calentamiento por debajo de la cual un
lazo coronal caliente no existe. Se sugiere que ocurre un desequilibrio térmico, permitiendo la
existencia de un enfriamiento catastréfico. Ademas, se muestra que los equilibrios tipo promi-
nencia son posibles. Una deformacion del campo magnético que simula una depresion del mis-
mo también se estudia.
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sol.

1. Introduction these features are the building blocks of the
solar corona and their emission dominates
the X-ray coronal luminosity. In order to ac-
count for the observations, the thermal

The solar corona is entirely structured
by the solar magnetic field, mostly into
loop-like closed flux tubes. It is believed that
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structure of coronal loops, have been mod-
elled by several authors. The key assump-
tions in these models are that the plasma
beta (defined as the ratio of the plasma pres-
sure to the magnetic pressure) is small in
the corona so that a one-dimensional ap-
proximation can be used in which the mag-
netic field acts only to define a rigid tube ge-
ometry, and that the loop heating varies on a
time scale long compared to radiative cool-
ing so that static approximation can be
used. For instance, Rosner et al. (1), Hood
and Priest (2), Craig et al. (3), Hood and An-
zer (4), Steele and Priest (5), have investi-
gated loops for which solar gravity can be
neglected. In this category Hood and Anzer
(4), Steele and Priest (6) included the effect of
cross-section area variation. Steele and
Priest (7, 8) included the consideration of a
coronal arcade rather than simple loop. Re-
cently, Mendoza-Bricefio and Hood (9) stud-
ied the effect of spatially dependent heating
on the thermal equilibrium of coronal loops.

The effect of solar gravity was included
by Vesecky et al. (10), Wragg and Priest (11),
Serio etal. (12), She et al. (13), Hood and An-
zer (4), Steele and Priest (14) and Mendoza-
Briceno (15).

In the present paper the temperature
structure along a coronal magnetic loop is
studied in the presence of gravity as well as a
magnetic dip. The cross-sectional area is
considered constant and a heating function
which decays with altitude is assumed.
Since one of the motivations in this paper is
to model prominences, great emphasis will
be put on finding those solutions which give
hot-cool loops.

2. Equations of Thermal
Equilibrium

For static, steady coronal loops, the
variation of dimensionless temperature T
(normalised to 10° K) and dimensionless
pressure (p) along a coronal loop obey the
equations for hydrostatic equilibrium and
the energy equation i.e.

Figure 1. The summit temperature T, as a func-
tion of the boundary temperature T,
(a) for different values of the decay
length of the heating s. Parameters
used are L.=1248.0 and h.=3.96 x 107,
(b) for the case gravity without dip
(dashed line) and with dip (solid line).
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with boundary conditions,
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dr .
P Oats=0 summit,

T =T, p=p,ats=1 footpoint [3]
where s represents the position in the loop,
and y and «a are radiative loss coefficient
Hildner (16). These equations are governed
by three dimensionless parameters, namely
L. proportional to the loop length, h.is the
base heating and s.is the decay length of the
heating. g(s) is the component of solar grav-
ity along the magnetic field which has two
components, one describing the general
semicircular shape of the field and the other
one a dip representing the distortion of the
magnetic field

hs'nﬁs S—ns)
AP T9 5,

gls) = 1+ g,
where L, is the half-length of the loop, A is
the gravitational scale-length, and g, is the
amplitude of the distortion which is taken in
paper as g, = 0.5 Mendoza-Briceno (15).

The obvious consequence when gravity
is included is that the pressure is no longer
constant and that it must decrease along the
loop from footpoint to summit.

3. Numerical Results

3.1. Hydrostatic Thermal Equilibrium
without a Magnetic Dip

When the effect of the magnetic distor-
tion is neglected g,= O, Figure la shows the
summit temperature as a function of bound-
ary temperature, for fixed values of L.=
1248.01, h.= 3.96 x 10°. These parameters
correspond to a loop length of 4 x 10’ m and a
heating at the base of 10" Wm™. The different
curves are labelled with the corresponding
value of s.. Every point in the curve of this fig-
ure corresponds to a static solution, whereas
every curve is a family of solutions.

When one considers the case where a
particular boundary condition is taken, for
example T, = 5, solutions at equilibrium ex-

ist only when s, <s, (= 1.05 x 10™). From this
value upwards there are two-valued solu-
tions where summit temperature increases
in the upper branch while it decreases in the
lower branch. If the value of s, is increased,
there is a value at which a hot solution ex-
ists. Very high values of s, would correspond
to a uniform heating, as expected.

The parameter s, is the heating deposi-
tion scale height. When s. is decreased the
heating along the loop is more concentrated
at the base of the loop. The input of energy at
the summit is then reduced and the energy
balance should be established by the ther-
mal conduction. If less energy is supplied
into the structure, then the summit tem-
perature of the structure is lowered.

Decreasing even further the value of s,a
critical value is reached and the thermal
conduction becomes unable to balance the
energy losing and hot solution does not ex-
ist, as far as the static condition is con-
cerned. However, if dynamics is taken into
account the structure should evolve to a new
equilibrium with a cooler summit Mendoza
and Hood (17).

3.2. Hydrostatic Thermal Equilibrium
with a Magnetic Dip

The thermal balance of loops has been
studied by assuming that the magnetic con-
figuration of the loop is specified through the
function g(s) which is the component of the
gravity along the field line. This function g(s)
for a semicircular loop has already been in-
vestigated in the previous section. In this
section, we are interested in focussing our
attention on the effect of a dip on the mag-
netic configuration, which is of great impor-
tance for supporting prominences material
(Kippenhahn and Schliter (18); Kuperus
and Raadu (19). A number of models of
prominence formation showing the addi-
tional effect of the dip have been presented
by several authors (Poland and Mariska (20);
Mok et al. (21); Antiochos and Klimchuk
(22); Van Hoven et al. (23).
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Poland and Mariska (20) constructed
the initial equilibrium with a gravitational
potential well at the midpoint whereas other
authors viz., Mok et al. (21) and Van Hoven
et al. (23) added the distortion of the pro-
jected gravitational force as the condensa-
tion forms. In particular, it was added when
a substantial condensation (with density > 5
times the nearby coronal value) formed.
Mok et al. (21) also found prominence for-
mation without dip and argued that it was
not clear in Poland and Mariska ‘s case
whether the reversed gravity is essential to
draw the plasma to the centre during the
condensation process.

In this section the hydrostatic model is
employed and the effect of a dip on the mag-
netic configuration is studied.

The summit temperature as a function
of boundary temperature is shown in Fig-
ure 1b. This figure shows the effect of the
dip; if one locates at the turning point then it
is shifted to the right when the dip is in-
cluded. This effect is very interesting be-
cause for fixed values of the parameters the
effect of the inclusion of the dip is to reduce
the existence of thermal equilibrium.

The pressure and temperature profiles
have been plotted in Figure 2 for different
values of s.. In this case only the hot solution
for those values of s. have been drawn. In
Figure 2a, the temperature profile shows
that the summit temperature decreases
when s. decreases, however, for s, > 0.147
thermal equilibrium is no longer found. The
temperature also decreases when s, de-
creases in Figure 2b, but the value of s, at
which there is no thermal equilibrium is at
s.>0.16. As can be seen in this figure, the ef-
fect of including a dip is to shift the critical
decay length of the heating for the appear-
ance of non-equilibrium to higher values. It
is seen from this result that a coronal loop
under particular conditions namely, fixed
values of L., s, and h., could suffer a cata-
strophic cooling when a dip starts to form.

3.3. Hot-Cool Solutions

Gravitational effects were considered
by Hood and Anzer (4) and Steele and Priest
(14). Nonetheless, hot-cool solutions were
not found. Steele and Priest (14) by consider-
ing a small value of gravity, found several so-
lutions, but hot-cool solutions were difficult
to find and were only possible for unrealistic
values of gravity. More recently, van den
Oord and Zuccarello (24) arrived at the same
conclusion that for loops in hydrostatic
equilibrium a hot-cool solution cannot be
found. However, when the heating function
has a spatial dependence, as considered in
this paper, cool condensations (hot-cool so-
lutions) can be obtained. First of all, assum-
ing that the typical prominence values are
known from observations, then the integra-
tion is started from the summit to the foot-
point. Secondly, the values of the parame-
ters L. and h. were fixed, and an iteration of
the parameter s, was performed.

Figure 3 is a plot of temperature as a
function of s for the values of the parameter
L., h. and s. given in Table 1. In this figure,
prominence-like solutions are shown where
the cool summit is at T, = 0.2 (in units of
10°K) and a hot coronal part can be seen be-
tween the summit and the footpoint. Here
the footpoint temperature is at a chromo-
spheric value.

In Figure 3, the temperature profiles
show a maximum of temperature close to s =
1 (footpoint) which is shifted to the right
when L, is increased. This shift occurs as a
result of the decay length decreasing to sat-
isfy the boundary conditions.

Figure 4 shows the pressure profiles for
the temperatures shown in Figure 3. As seen
the pressure increases from the summit to
the footpoint. The four curves start from p =
1 at the summit due to the fact that the inte-
gration starts from known prominence pres-
sures and temperatures. Here, one sees that
the pressure at the footpoint increases when
L. increases.
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Figure 2. Temperature and pressure profiles for different values of the decay length of the heating s. for
a) no dip and b) with a dip.

Table 1
Parameters obtained for prominences solution

L. S. h, T
936.01 3.76 x 10’ 3.96 x 10E” 11.01
2 1247.01 3.09 x 10 3.96 x 10E” 12.33
3 1560.01 2.71x 10" 3.96 x 10E” 13.50
1872.02 2.44 x 10" 3.96 x 10E” 14.36
4 1968.43 2.37 x 10" 3.96 x 10E” 14.80
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Figure 3. The variation of temperature along a
loop from the summit at s= 0 to the
footpoint at s = 1. The numbers refer
to the listed values given in Table 1.
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Figure 4. The variation of pressure along aloop
from the summit at s = 0 to the
footpoint at s = 1. The numbers refer
to the listed values given in Table 1.

In Figure 5 T°’dT/ds is plotted as a
function of T. This is the phase plane dia-
gram for the same solutions as in Figure 3.
The flux increases when L, increases. Now, it
is interesting to note how the contours from
the footpoint (which start at non-zero nega-
tive value of T”?dT/ds) to the summit where
T°?dT/ds = 0 are closed contours. This is the
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Figure 5. The phase plane diagram for the
solutions given in Figure 3.

characteristic behaviour of non-
autonomous systems.

4. Summary and Conclusions

The present paper has modelled a co-
ronalloop by a single field line, along which
the plasma is in both thermal and hydro-
static equilibria.

Gravity in the hydrostatic equation was
considered to have two parts, (i) one part as-
suming that the loop has a semicircular
shape and (ii) the other part simulating a dis-
tortion of the loop summit due to a dip in the
magnetic field.

In Section 3.2 the effect of a dip was
studied. It was found that the pressure first
decays and then increases along the loop
starting from the footpoint. The effect of a dip
is to increase the summit pressure, which
increases the radiation (the heating does not
change) and so reduces the summit tem-
perature below the value for gravity without
a dip.

It was observed, that the lack of equilib-
rium Hood and Priest (2); Roberts and
Frankenthal (25) can occur when decay
length of the heating is decreased. However,
the critical value of s. is higher when the dip
is considered.
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In contrast with other authors e.g.
Steele and Priest (14), prominence-like solu-
tions were found in this study. The differ-
ence between their work with the present
study is in the form of the heating function.
The heating function considered here has a
spatial dependence. The inclusion of gravity
as can be seen by using a phase diagram
Hood and Anzer, (4); Steele and Priest (14)
produces a open contour when a heating
does not have a spatial dependence, but
when it is considered with spatial variation
in which it decays along the loop from the
summit produces a closed contour as it was
shown in Figure 5.

In conclusion, this paper has therefore,
shown that hot and hot-cool loop
(prominence-like solution) are possible in
hydrostatic equilibrium when heating func-
tion is considered to decay with altitude.
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