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ABSTRACT

Aims. We reconsider the question which kinetic temperatures can lead to prominence configurations that are in radiative
equilibrium. We compare these temperatures to those from other calculations.

Methods. For this purpose we solved the full non-LTE radiative-transfer problem for a gas consisting of hydrogen,
helium and calcium. We used simple isobaric 1D slabs and began with isothermal models. Then we solved the radiative-
relaxation problem and determined the radiative-equilibrium conditions within the whole slab.

Results. By adding the calcium radiative losses, we found that these equilibrium temperatures are considerably lower
than those obtained for a pure hydrogen gas. This is because the newly calculated Call line losses appear to play a
significant role in the energy balance, similar to chromospheric conditions. The equilibrium temperatures obtained span
the range between 4400 - 9500 K, depending on the gas pressure and slab thickness.
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1. Introduction

Solar quiescent prominences are cool structures in the solar
atmosphere that are globally long-lived and fairly station-
ary. This requires the existence of a magneto-hydrostatic
equilibrium and of an energy balance. We will not address
the question of the mechanical equilibrium here, but instead
concentrate on the energy problem. This energy-balance
problem for prominences has been investigated over several
decades, but the results obtained by various authors are still
controversial. One of the earliest papers is that of Poland &
Anzer (1971) who studied the radiative losses and the in-
flow of thermal energy by conduction for one-dimensional
(1D) prominence slab models. These authors found that
under certain circumstances a global energy balance can be
obtained, but they did not consider the problem of the local
energy equilibrium. Later, Heasley & Mihalas (1976) pro-
duced a set of 1D models, using the complete-linearization
technique for solving the highly coupled set of equations of
non-LTE radiative transfer, pressure and energy balance.
These authors considered both isobaric models and models
that are in magneto-hydrostatic equilibrium, as suggested
by Kippenhahn & Schliiter (1957). They found that in
all these models the central temperature consistent with
the radiative equilibrium is very low, down to around 4600
K. Only when they included sufficiently strong mechanical
heating, the temperatures could be increased up to 7700 K.

These low values for the radiative-equilibrium temper-
atures contrast with most of the typical prominence tem-
perature determinations (see Engvold et al. 1990, where
T=7500 K is quoted as the most frequently observed value
in the central parts) and thus suggests that some kind of
heating input is necessary. The prominence plasma consid-
ered by Heasley & Mihalas (1976) is a mixture of hydrogen

e-mail:

Heinzel,

Send  offprint  requests to: P.
pheinzel@asu.cas.cz

Article published by EDP_Scienceg, to be cited as

and helium and for these species the radiative losses were
computed in detail. Note, however, that under prominence
conditions, especially in the cool central parts, the helium
contribution seems to be negligible.

In order to reinvestigate the problem of radiative equi-
librium in prominence like structures, Gouttebroze (2007)
considered a pure hydrogen plasma and constructed a set of
isobaric models of 1D vertical cylinders representing loop-
like or thread-like structures. His models cover an extensive
range of gas pressures and cylinder radii. In the coolest
central parts of these cylinders the author found radiative-
equilibrium temperatures down to around 5700 K for thick
cylinders with a diameter of 5000 km. However, for thin-
ner cylinders with a diameter of only 200 km (which could
represent the fine-structure threads), the central temper-
atures are higher than 6500 K. For low gas pressures, all
these temperatures rise up to 9000 K or more. Note that a
comparable range of equilibrium temperatures can be de-
duced from hydrogen radiative losses computed for similar
models by Anzer & Heinzel (1999). These results there-
fore suggest that there is no need for any extra heating of
the central regions of prominences, and there will be even
less need in the fine-structure threads. However, one should
consider these temperature values as upper limits for the
radiative-equilibrium temperature, simply because the ra-
diative losses of other species have been neglected in these
calculations.

A consistent treatment of the radiative losses of other
elements is quite a complex task. In several studies these
losses have been considered as optically thin and were de-
termined using various approximate ways (Kuin & Poland
1991; Fontenla et al. 1996; Anzer & Heinzel 1999). This
approach works relatively well in hotter prominence-corona
transition regions (PCTR), but is uncertain for the cool
central parts. In these regions, optically-thin losses may
dominate those of hydrogen and this naturally lowers the
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values of the radiative-equilibrium temperatures (see Anzer
& Heinzel 1999). Fortunately there are only a few ele-
ments of which it is well known that they significantly con-
tribute to the total losses under chromospheric conditions,
and this might be also the case of quiescent prominences.
Vernazza et al. (1981) have already shown that dominant
chromospheric coolants are hydrogen, plus singly ionized
calcium and magnesium. For prominences, calcium losses
were computed by Zhang & Fang (1987), who found them
to be negligible compared to hydrogen for some specific
models. Because this contradicts with the results found in
the chromosphere, we recompute here the calcium losses in
prominences, using the most up-to-date radiative transfer
models (Gouttebroze & Heinzel 2002). Based on that, we
reconsider the radiative-equilibrium conditions within the
isobaric prominence structures of various sizes, following
the the time-relaxation technique of Gouttebroze (2007).

In Sec. 2 we present our models, Sec. 3 gives the results
and Sec. 4 contains the discussion and the conlusions.

2. Model calculations

Our models are represented by 1D isobaric plasma slabs
standing vertically above the solar surface and illuminated
symmetrically from both sides by the incident solar radi-
ation. They represent the whole prominence with a geo-
metrical thickness of a few thousand km, but they are also
useful to investigate fine-structure elements that are much
thinner. To compare our results with those of Gouttebroze
(2007) (i.e. for pure hydrogen), we considered three sizes of
the slab with the geometrical thickness D = 200, 1000 and
5000 km (the models of Gouttebroze (2007) represent ver-
tical cylinders with the same values for the diameters). We
used three values of the gas pressure, p=0.01, 0.1 and 0.5
dyn ecm~2, the same as in Gouttebroze (2007). All mod-
els have a constant microturbulent velocity of 5 km s~*.
Helium is taken into account only for the density deter-
mination but not to contribute to the electron density at
the low temperatures considered here - note that a helium
contribution to the electron density was recently consid-
ered for cylinders by Gouttebroze & Labrosse (2009). We
took the helium abundance to be equal to 0.1. The model
with D=1000 km and p=0.1 dyn cm~2 is referred to as a
'standard model’ in Gouttebroze (2007), here we call it a
'reference model’” to demonstrate some reference (typical)
characteristics. All models were computed for a prominence
height 10000 km, which determines the dilution factor for
the incident radiation.

To determine the importance of Call radiative losses for
prominence plasmas, we computed the same 1D slab mod-
els, using our most recent versions of the non-LTE multi-
level codes for hydrogen and calcium. The hydrogen code
uses a five-level plus continuum model atom with partial
frequency redistribution (PRD) in the La and LS lines
and the hydrogen radiative losses/gains were computed
with this code in the same way as in Anzer & Heinzel
(1999). The calcium code previously used by Anzer &
Heinzel (1999) was later substantially modified and ex-
tensively tested against the results of a similar code de-
veloped by P. Gouttebroze. As a result, a new hydrogen
and calcium modeling of prominences was presented by
Gouttebroze & Heinzel (2002). An important feature of
the modified Call code is the consistent treatment of the
Call ionization by the UV radiation of hydrogen Lyman
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Fig. 1. Lyman-continuum radiation temperatures. The crosses
represent data used in our non-LTE models, while the full
line was derived from SOHO/SUMER data (courtesy of P.
Schwartz).

lines and continuum. We used this new version of the cal-
cium code to compute the Call radiative losses. The Call
H and K lines are treated with partial frequency redistri-
bution, the calcium abundance is taken to be 2.19 x1076.

Apart from hydrogen and calcium radiative losses,
one should also consider the losses by resonance Mgl
lines h and k. However, the solar chromospheric modeling
(Vernazza et al. 1981) suggests that the Mg II losses are
considerably lower compared to those produced by Call.
Although some work has been done in the past regarding
the non-LTE modeling of MgII lines in the frame of a two-
level atom approximation (Vial 1982; Paletou et al. 1993),
a more systematic study (including the ionization of mag-
nesium) will be needed before one can firmly include these
lines into the energy-balance modeling. Indeed, any addi-
tional losses will lower the radiative-equilibrium tempera-
tures even more and thus neglecting MglII losses we just
obtain an upper limit of these temperatures for a mixture
of hydrogen and calcium.

The net radiative losses are computed as

L= 47r/ (ny — xud)dv (1)
0

where 71, and x, are, respectively, the emissivity and opac-
ity, and J, is the mean intensity of the radiation field. For
radiative equilibrium L must be equal to zero throughout
the whole slab. We note that the losses are quite sensitive to
the accuracy of converged atomic level populations and con-
sequently well converged models are required. We therefore
computed all atomic level populations and electron densi-
ties to a relative accuracy of 107, For the lines, an alter-
native expression to compute the net radiative losses is

L= hV[?’Lj (Aﬂ + Bﬂj”) — niBijjij] 5 (2)

where A and B are the Einstein coefficients for the line
transition ¢ — j, n are the atomic level populations, v the
line frequency, h the Planck constant and J is the mean
integrated intensity of the line radiation.

It is well known that the radiation properties of solar
prominences critically depend on the incident solar radi-
ation in the respective lines and continua and therefore
the incident radiation may strongly affect the internal en-
ergy balance. For hydrogen we used the data compiled by
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Gouttebroze et al. (1993), with certain updates made for
Lyman lines as observed by SOHO/SUMER. Because the
radiative equilibrium of the hydrogen plasma depends on
the radiation temperatures of the hydrogen continua, we
show in Fig. 1 the Lyman-continuum radiation tempera-
tures T, for the incident solar radiation (without geomet-
rical dilution, which is taken into account in the non-LTE
codes). The crosses represent previously compiled values
used in our non-LTE modeling, while the full line shows
the mean values obtained from recent SOHO/SUMER disk-
center intensities. The value around 504 A is a mean over
the Hel photoionization jump. Note that Heasley & Mihalas
(1976) as well as Gouttebroze (2007) used similar data.
In all our models we use T, from Table 2 of Gouttebroze
et al. (1993), i.e. we expand the wavelength range down
to about 100 A. The wavelength dependence of T, for
the Lyman continuum is denoted below as f(\). For the
Balmer continuum and other subordinate continua we took
T: from Gouttebroze et al. (1993) and numerically inte-
grated optically-thin losses according to Eq. (1). This gives
the same results as using the approach of Rudawy & Heinzel
(1992) with their radiation temperatures. For calcium we
used the same incident radiation fields as in Gouttebroze
& Heinzel (2002).

To compute the slab models in radiative equilibrium,
we followed the approach of Gouttebroze (2007). For mod-
els with constant pressure (isobaric models), the radiative
relaxation is governed by Eq. (30) of Gouttebroze (2007)

ar _ 2 L
dt  5np(l+ Ape +y)k’

3)

where T is the temperature, ¢ the time, ng the number
density of hydrogen, Ape.=0.1 the helium abundance, y is
the hydrogen ionization degree and k is the Boltzmann con-
stant. We began from an isothermal slab and let the tem-
perature evolve in time according to this equation, where
the total radiative losses (i.e. hydrogen plus calcium) are
computed from the fully converged non-LTE transfer prob-
lem at each time step. The relaxation properties have been
found to be identical to those described by Gouttebroze
(2007). The method is robust and the fact that the same
solution is obtained irrespectively of the initially prescribed
temperature distribution ensures its correctness. For all
models we present here we found an optimum time step
of 10 sec, which requires several hundred or thousand steps
to reach the relaxed solution, i.e. the radiative equilibrium
within the whole slab. This relaxation method is very dif-
ferent from the complete-linearization technique previously
used by Heasley & Mihalas (1976), but both approaches
should lead to the same results. Note that the solution is
sensitive to the incident radiation, as we will discuss below.

In the next section we present our results for a set of
slab models computed under various conditions.

3. Model results

Our pure hydrogen models have been constructed in the
same way as those of Gouttebroze (2007). For the case of
complete frequency redistribution (CRD) the only differ-
ence is the geometry (1D slabs versus 1D cylinders). The
atomic parameters and all incident radiation fields have
been set to be identical. In Fig. 2 we present a comparison
between the slab and cylindrical models for D=1000 km.
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Fig. 2. Radiative-equilibrium temperatures in pure hydrogen
slabs with D=1000 km (full lines) are compared to those in
cylinders of Gouttebroze (2007) (dashed lines). The gas pres-
sures are 0.01, 0.1 and 0.5 dyn cm™?2 from top to bottom of the
plot, respectively. In both geometries, CRD in hydrogen lines
was assumed.

The differences are relatively small, around 300 K at max-
imum, which represents less than 5 % of the equilibrium
temperatures. Similar results were also found for models
with other thicknesses. We ascribe these fairly small dif-
ferences mainly to distinct geometries, but no clear trend
is evident from comparison plots. Some might be also due
to different numerical codes used. However, these small dif-
ferences are unimportant for the energy-balance modeling
aimed at in this study and therefore we consider our models
to be sufficiently accurate. Despite these differences, our re-
sults fully confirm the important conclusion of Gouttebroze
(2007) that pure hydrogen models which are in radiative
equilibrium (considering the incident radiation fields men-
tioned in the previous section) never have central temper-
atures as low as previously found by Heasley & Mihalas
(1976).

All models of Gouttebroze (2007) have been con-
structed assuming the complete frequency redistribution
in all hydrogen lines. However, it is now well established
that the hydrogen Lyman lines, in particular La and par-
tially also LS, are sensitive to the effects of partially-
coherent scattering, namely for low-pressure and optically-
thick prominence models (Heinzel et al. 1987). To demon-
strate the effect of PRD on radiation-equilibrium models,
we show in Fig. 3 a comparison between temperature struc-
tures of 1000 km thick slabs, computed with CRD and
PRD. The PRD was used for the La and LS lines. While
the synthetic line profiles significantly differ in both cases,
the temperature structures are similar, indicating a rather
small influence of PRD on the energy balance. This can
be understood in the following way. The radiation fields
in the line cores are similar for both CRD and PRD and
only the wings (including peaks) are strongly affected by
partially-coherent scattering. Because the integrated mean
intensities J inside the slab are mainly determined by the
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Table 1. Radiative-equilibrium temperatures at slab center and slab surface (in parentheses). f()) is the wavelength-dependent
radiation temperature of the incident Lyman-continuum radiation. For the second and third set of models, the numbers below
temperatures indicate the optical thickness of the 1D slab at the head of the Lyman continuum. All models shown here were

computed with PRD in hydrogen and Call lines.

p[dyn cm 7] 0.01 0.1 0.5 model
D=200 km 9754 (9757) 7994 (8179) 7010 (7556) HI losses only, T = f()\)
D=1000 km 9702 (9712) 7403 (8047) 6616 (7550)
D=5000 km 9481 (9567) 6778 (8022) 6340 (7550)
D=1000 km 6458 (6291) 6846 (6630) 6593 (6778) HI losses only, T; = 6500 K
1.03 31.6 252
D=1000 km 7156 (7150) 7418 (6146) 6734 (6409) HI losses only, T, = 8000 K
0.015 2.28 208
D=200 km 9532 (9530) 6773 (7277) 5015 (6032) HI + Call losses, Ty = f(\)
D=1000 km 9471 (9479) 5450 (7026) 4630 (6012)
D=5000 km 9195 (9302) 4874 (6995) 4421 (5983)
the Lyman-continuum head optical thickness and see that
10000 [T T T T T T T T [T T T [T T T T . ; X :
at low pressures the optical thickness is small and going to
1 lower wavelengths, it decreases as A3. This allows the in-
] cident radiation at higher T, to heat up the central parts
of the slab. At higher pressures, where the optical thick-
i ness significantly grows, the Lyman-continuum 7 plays no
8000 _ longer any significant role and the results are similar to
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Fig. 3. Radiative-equilibrium temperatures in pure hydrogen
slabs with D=1000 km, computed with PRD (full lines) and
CRD (dashed lines) in La and LA. For all other hydrogen lines
the CRD was assumed. The gas pressures are 0.01, 0.1 and 0.5
dyn em™? from top to bottom of the plot, respectively.

line-core radiation field, the effect of PRD is less important
for them. These mean integrated intensities, together with
atomic level populations which they determine via the sta-
tistical equilibrium, give the line radiative losses according
to Eq. (2). A similar effect was found for the Call lines.
But despite these small differences, we used the full PRD
approach for the first two hydrogen Lyman lines and for
the Call H and K lines in all models discussed below. Our
PRD results for pure hydrogen models are summarized in
Table 1, first part.

The rather high temperatures obtained for the lowest
pressures are the result of an increasing radiation temper-
ature of the incident Lyman-continuum radiation with de-
creasing wavelength (see Fig. 1). This can be easily demon-
strated by considering just a constant T}, which we set to
the value at 912 A, i.e. T, = 6500 K. The results are shown
in the second part of our Table 1 (for pure hydrogen models
with PRD), where the radiative-equilibrium temperatures
T at the lowest pressure are much lower. We also indicate

those for f(A). But the fact that Ty, saturates for the thick-
est models around 6500 K indicates a direct relation to
T, = 6500 K of the incident Lyman-continuum radiation.
However, a closer inspection shows that this is not the case.

To demonstrate this we increased the incident 7, arbi-
trarily to 8000 K and found similar central T, not much
higher than 6500 K (for highest pressure) - see the third set
of models in Table 1. Our calculations indicate that the cen-
tral equilibrium temperature saturates at values around or
slightly above 6500 K, independently of the intensity of the
photoionizing Lyman continuum. Moreover, this value can
hardly be explained by the role of the optically-thin Balmer
continuum, which has a much lower 7, = 5500 K in our case
(using data from Table IV of Rudawy & Heinzel (1992), at
the height of 10* km). Heating caused by the Balmer con-
tinuum was suggested by Heasley & Mihalas (1976), who
arrived at much lower central equilibrium temperatures,
well below 5000 K. For the 1D cylinders of Gouttebroze
(2007), the central Ty, also saturates at 6500 K for D = 200
km, while for large D = 5000 km it saturates below 6000
K. The very low central temperatures obtained by Heasley
& Mihalas (1976) have been explained by the authors as
a consequence of the equilibrium with the optically-thin
Balmer continuum radiation, which fully penetrates into
the slab center and is determined by the photospheric in-
tensity. However, our results point to a more complex sce-
nario. Our Balmer-continuum has 7:=5500 K, which gives
even lower irradiation when the dilution factor is taken into
account. Therefore, the central temperatures around 6500
K, found in this paper for dense hydrogen models, can
hardly be explained by this photoionization equilibrium.
We made several sensitivity tests and found that this par-
ticular central temperature results from both the excitation
rate by the Lo radiation field, giving the hydrogen second-
level population, and from the photoionization rate from
that level, which corresponds to the Balmer continuum.
For example, by changing the incident Lo radiation arti-
ficially, the central equilibrium temperature also changes.
And because the La line is formed under PRD conditions,
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Fig. 4. Radiative-equilibrium models with D=200 km. Three
pressures are 0.01, 0.1 and 0.5 dyn cm~2 from top to bottom,
respectively. Full lines: hydrogen plus Call, dashed lines: pure
hydrogen.

the resulting temperature will also somewhat depend on
this (note that Heasley & Mihalas (1976) used CRD for
the hydrogen lines).

Finally, in Figs. 4-6 and in Table 1 (last part) we show
our new results for a mixture of hydrogen and calcium and
compare them with those obtained for pure hydrogen slabs.
All models use PRD in both hydrogen and Call lines. For
small D = 200 km and for the lowest pressures, the central
Tie is similar to that obtained for pure hydrogen models,
which indicates the negligible role of calcium losses. In other
words, very small fine structures would need no additional
heating provided that the gas pressure is on the order of
10~2 dyn em ™2 or lower. Such a situation seems to be pos-
sible under some conditions - see 2D fine-structure modeling
of Berlicki et al. (2011) based on SOHO/SUMER obser-
vations. However, for higher pressures and thicknesses, the
Call losses start to be significant and they compensate for
hydrogen gains at lower temperatures. As a result, much
lower temperatures are obtained in comparison to a pure
hydrogen plasma. For p = 0.5 dyn cm™2 and D = 5000 km
we arrived at Ty as low as 4400 K.

The values of all central and surface equilibrium temper-
atures are summarized in Table 1. One can see the following
general trends:

For all thicknesses considered the central temperature
decreases drastically with increasing gas pressure; from
around 9500 K down to a minimum of 4400 K.

There is also a weaker dependence on the slab thickness,
with a decrease of temperature with increasing thickness.
From all our figures one clearly sees that large parts of all
slabs have equilibrium temperatures that are close to the
central values. This then means that the central tempera-
tures are very useful when one compares the models with
temperatures derived from prominence observations, unless
the spectral line under consideration is sufficiently opaque
so that one sees mainly the outer layers which have higher
temperatures.
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Fig. 5. Same as Fig.4, but for models with D=1000 km.
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Fig. 6. Same as Fig.4, but for models with D=5000 km.

4, Discussion and conclusions

We have shown that the radiative losses caused by Call are
quite important for thick slabs with high pressures, while in
the case of thin slabs at low pressures they are negligible.
When included into the energy balance, these losses lead
to much lower radiative-equilibrium temperatures as com-
pared to the case of a pure hydrogen plasma. The effect is
more pronounced at the slab center than at its surface.
Although we have theoretically computed the radiative-
equilibrium temperatures for various slab parameters, this
paper is not aimed at determining real prominence tem-
peratures, but rather to check whether the radiative equi-
librium studied recently by Gouttebroze (2007) can give
reasonable central values of the temperature. However, the
range of possible (realistic) temperatures can be addition-
ally constrained by taking into account the relevant promi-
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Fig. 7. Radiative relaxation of the slab-center temperature
is shown for the reference model. Full line corresponds to
hydrogen-calcium mixture, dashed one is for pure hydrogen
plasma. Both cases are treated in PRD and are therefore consis-
tent with the results in Table 1 (note that the dashed line can be
compared with the corresponding plot in Gouttebroze (2007),
the differences are due to geometry and PRD/CRD). In both
cases, the relaxation starts from an isothermal slab model with
T=10000 K.

nence conditions. For example, the models with very low
pressures have sufficiently high equilibrium temperatures
so that no heating would be required. But since the pres-
sure in the ambient corona is typically higher than this,
these structures cannot be in pressure equilibrium. This im-
plies that they would have to be completely shielded by the
magnetic field as plasmoids. The other point is that such
structures would have very small optical depths in Ha and
therefore should be invisible, unless D is unreasonably large
or very many fine-structure elements are aligned along the
line of sight. We nevertheless include these models in our
investigation for the sake of comparison with Gouttebroze’s
results and also because they give us useful information on
the relevance of the different radiation processes. On the
other hand, the model with the highest pressure p=0.5 dyn
em~? and D=5000 km leads to an unrealistically large col-
umn mass. One can obtain acceptable values for the equi-
librium temperature if one considers fine-structures with D
= 200 km, or 1000 km, together with a pressure of 0.1 dyn
cm~2. However, for the thick single slab configurations with
D = 5000 km some additional heating will be needed.

An important question concerns the radiative relax-
ation times for various prominence structures. As shown
by Gouttebroze (2007), they differ for constant-pressure
and constant-volume models, but the radiative-equilibrium
temperature structure is the same. To demonstrate their
behavior, we show in Fig. 7 the radiative relaxation times
for the reference isobaric model. Here the relaxation to a
radiative equilibrium from starting temperature 7'=10000
K is initially quite fast and temperatures around 8000
K are reached within about two minutes for pure hydro-
gen and even one minute if Call losses are added. This
means that if the plasma is heated, it cools down to typi-

cally observed temperatures on time scales comparable to
fine-structure life times. But to reach the radiative equi-
librium, the reference model needs more than 1000 sec
for pure hydrogen and even longer - like one hour - for
a mixture of hydrogen-calcium. We can therefore conclude
that after some substantial heating, the fine structure will
hardly reach the radiative equilibrium because its typical
life time is too short (on the order of minutes, see very re-
cent movies from Hinode/SOT). For very thick prominences
having D=10000 km, the relaxation is much longer (up to
days) and the whole prominence could thus be observed out
of thermal equilibrium (Gouttebroze 2007).

In a following study we plan to extend this radiative-
relaxation modeling to 2D multi-thread prominences that
are in magneto-hydrostatic equilibrium (Heinzel & Anzer
2001; Gunér et al. 2008). We will also refine the radiative
loss functions for prominence plasmas, taking into account
that individual threads are irradiated differently as com-
pared to the case of the present single isolated slabs. At
very low temperatures below 5000 K, neutral calcium may
also play a role, which we neglected in this investigation.
Finally, we have to understand the role of a PCTR, which
is certainly not in radiative equilibrium.
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