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Abstract. Using new radiative modelling capabilities in two-
dimensional (2D) cartesian geometry, we investigate the vertical
variations of the Ha source function in filaments. It is shown
how the two-dimensional geometry can affect the transfer of the
Ha line into filaments and, consequently, how assumptions on
the geometry of the model may influence a further interpreta-
tion of observations. A special attention is paid to the possibility
of formation of a bright rim inside the filament body by diffu-
sive penetration of Ha radiation. Unlike recently proposed by
Heinzel et al. (1995), we can see from our 2D computations
that the observable emergent intensities are not high enough to
explain bright rims contrasts.
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1. Introduction

Filament and prominence diagnostics are based very often on
Ha observations made at very high spatial, spectral and tempo-
ral resolution. Since this line is generally optically thick in these
structures, non—LTE radiative transfer is necessary to accurately
interpret the collected Ha emission.

So far, most of the modelling of the hydrogen spectrum
of prominences has been performed using vertically standing
mono-dimensional (1D) slabs of finite size symmetrically illu-
minated by the solar surface underneath. The most recent of
such studies was carried out by Gouttebroze et al. (1993) who
computed a set of 140 non—-LTE models of prominences. From
their modelling results, the same authors (Heinzel et al. 1994)
could derive several interesting theoretical correlations between
plasma parameters and the emitted radiation. However, these re-
sults are relevant only to observations of prominences as seen
above the limb. Besides, the nature of the geometrical problem
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in 1D makes it impossible to derive any self-consistent vertical
variations of observable quantities.

Concerning observations of prominences as seen on the disk
i.e. filaments, in 1D geometry one should use horizontal slab
models in order to evaluate emergent intensities. But with such
slabs, even though the vertical variations of, for instance, the
source function of a given transition can be evaluated, it is by
nature impossible to determine vertical variations of the emer-
gent intensity for lines of sight normal to the structure. Further-
more, 1D horizontal slabs strongly irradiated from below are a
priori likely to trap too much radiation since they do not provide
realistic photon escape paths.

More realistic filament and prominence models definitely
need to solve non—-LTE radiative transfer problems for mul-
tilevel atoms in at least two-dimensional (2D) geometry. An
obvious feature of 2D models is the possibility of taking into
account (i) more external illumination and (ii) more photon es-
cape possibilities across the boundaries. Emergent intensities
can be computed in all directions and, vertical and horizontal
variations of the emitted radiation can be properly evaluated
unlike in 1D geometry. Recent developments in the field of 2D
non-LTE radiative transfer make it possible to perform more
realistic modelling of isolated and illuminated structures in the
solar atmosphere (Auer & Paletou 1994; Paletou et al. 1993).
Moreover, numerical techniques described in Paletou (1995)
for the solution of 2D multilevel radiative transfer problems in-
cluding the effects of partial frequency redistribution are very
relevant to filament and prominence modelling.

In this article, the effects of 2D radiative transfer on the
vertical variations of the Ha source function are discussed. A
special attention is paid to the problem of bright rims of filaments
and their visibility. This feature of filaments has been frequently
observed for decades (d’ Azambuja & d’ Azambuja 1948) but its
explanation still remains unclear. Concerning its interpretation,
it was lately proposed by Heinzel et al. (1995) that bright rims of
filaments may result from pure radiative transfer effects leading
to an enhancement of the Ha source function, S(Ha), at the
filament bottom. This tentative explanation had the merit of
considering that the bright rim is a natural part of the filament.
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Fig. 1. Geometrical model of a 2D freestanding slab in the solar corona
and illuminated from below by the solar surface. The slab is infinite in
the direction of the dashed lines. On the bottom boundary, the incident
radiation is almost undiluted while it is diluted as a function of the
altitude on the sides. We do not consider any illumination from above

Yet, their study suffered from being restricted to a 1D horizontal
slab model geometry.

Based on 2D radiative modelling, we demonstrate how
Heinzel et al. (1995) explanation of the nature of bright rims
proves to be insufficient. More generally, it illustrates some of
the limitations of assuming a 1D geometry for the modelling of
isolated and illuminated solar atmospheric structures.

2. Non-LTE models

Fig. 1 shows the geometry of the model. The 2D freestanding
slab is hanging in the corona and strongly irradiated on its sides
and bottom by the solar surface underneath (we do not consider
any coronal illumination). The slab is homogeneous and static,
standing at a height i = 10 000 km above the solar surface. Its
vertical geometrical extension is fixed at D, = 3200 km which
is equivalent to the height of the 1D slab adopted by Heinzel
et al. (1995). However, we shall vary its horizontal extension
D, by adopting the respective widths: 500, 1000, 2 000, 5000
and 10000 km. According to Heinzel et al. (1995), other input
parameters such as the kinetic temperature 7" = 8 000 K, gas
pressure p; = 0.3 dyn cm™?2 and the microturbulent velocity
¢ =5km s~ ! are the same for any of the five models.

We consider a 5 level plus a continuum hydrogen atom
model. A fraction of neutral helium atoms with the abundance
relative to hydrogen ay. = 0.1 is also included. Partial fre-
quency redistribution (PRD) effects which play an important
role in the formation of strong resonance lines in prominences
(Heinzel et al. 1987; Paletou et al. 1993) are also taken into
account. Therefore, Lya and Ly# resonance lines are treated
in PRD and other lines are formed in complete frequency re-
distribution. The Lyman continuum, in general optically thick,
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Fig. 2. Vertical variations of the Ha source function along the sym-
metry axis of the 2D slab. The height scales as the optical depth at
line center computed downwards from the top boundary. Each curve
is labelled with the corresponding slab width value. The dash-dotted
line (D,=10000 km) reproduces almost exactly the S(Ha) variations
computed in 1D. In most parts of the filament, the source function and
the total optical thickness 7y at line center decrease with the slab width.
For D,=500 km, the source function is almost constant (= 8%) except
at the boundaries

is explicitly evaluated while other continua are treated in the
optically thin approximation (the latter is indeed valid for sub-
ordinate continua).

Numerical strategies for the solution of the 2D non-LTE
radiative transfer problem are presented in Paletou (1995). The
definition of the incident radiation for each transition is de-
scribed in details in Gouttebroze et al. (1993) and Paletou
(1996).

3. Vertical variations of S(Ha)

When adopting these physical parameters, atomic model and in-
cident radiation, we recover from a 1D horizontal slab model of
geometrical extension D, the same Ha source function vertical
variations as obtained by Heinzel et al. (1995). For this model,
the vertical column mass is m = 1.35 x 10™* g cm™2 and the
total optical thickness 7y at Ho line center is 15.

As shown in Fig. 2, where S(Ha) is plotted as a function
of the line center optical depth computed inward from the top
boundary, the same variations as in 1D (the dot-dashed curve)
are recovered along the vertical axis of symmetry of the 2D
model which has the largest horizontal extension (10 000 km).
S(Ha) is expressed in units of the nearby disk-center continuum
intensity (4.077 x 107> cgs). As reported in Heinzel et al. (1995)
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computations, from the top of the slab to the bottom S(Hca)
varies from 4% to 16%. A maximum value of the order of 18%
is reached at optical depth 11.5 and the source function exceeds
13% (the Ho line center intensity close to the limb) for 7, > 5.
Indeed, the horizontal optical thickness is yet large enough to
minimize lateral transfer effects on the innermost parts of the
slab, far from the vertical boundaries.

It was further argued that the possible excess of S(Ha) at the
bottom regions of the slab could explain the existence of a bright
rim due to the diffusive penetration of the chromospheric Ha ra-
diation into the structure. Given the above-described Ha source
function vertical variations, it was then inferred by Heinzel et
al. (1995) that the bottom regions of the filament seen close to
the limb could scatter more than the 13% value of the chro-
mospheric emission along lines of sight almost parallel to the
solar surface (the Ha line center intensity of the quiet chromo-
sphere drops from approximately 16% at disk center to 13%
close to the limb). Therefore a line center intensity excess of
the order of 4% relative to the chromosphere could be achieved
and could explain the observation of a bright rim in Ha. Also
in that scenario and unlike other possible explanations of this
phenomenon, the bright rim happens to be a natural part of the
filament body.

However, for smaller geometrical slab widths and accord-
ingly horizontal optical thickness, lateral radiative transfer ef-
fects do “increasingly” affect the whole slab. This is shown in
Fig.2 where S(Ha) as a function of 7, is displayed for different
values of D, (the solid lines). For decreasing widths, the Ho
source function decreases almost everywhere in the filament
body; only top values may increase by a few percent compared
to the largest width model. The total vertical optical thickness 7
remains large for all models. Hence, for the lowest width model
of moderate lateral optical thickness (7, < 2) we finally reach
the limit of S(Ha)~8% throughout most of the slab. Indeed, as
stated in Heinzel et al. (1994), the Ha source function in promi-
nences is driven by resonance scattering of the incident solar
radiation with a (quiet sun) line center intensity of about 16%
and a dilution factor of the order of i

It should be noticed also that source function values of 7—
8% of the nearby disk-center continuum intensity obtained at
optical depth unity are comparable to commonly observed Ha
line center emergent intensities of filaments as seen on the disk.
Electron densities are also in the range of commonly accepted
values for these structures (n. ~ 109" cm—3).

Finally, given the possibility of having Ha source function
values exceeding 13% at some regions of the slab, an important
question not answered by Heinzel et al. (1995) concerns the
visibility of such effect. In other terms, we are also interested in
knowing the geometrical extension of that portion of the filament
and, consequently, if it is any observable.

4. Vertical variations of the Ha emergent intensity

Contrary to 1D horizontal slab models, we can evaluate the in-
tensity emerging along lines of sight normal to the filament.
Then, we can relate the vertical variations of S(H«) to the rel-
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Fig. 3. Height variations of the Ha line center emergent intensity nor-
mal to the filament plotted against a geometrical scale in arcsec (= 700
km). The height reference is taken at the top of the slab. The greatest
values obtained for Dy=10 000 and 5 000 km are almost identical at all
heights. For decreasing slab widths, the emergent intensities decrease
at all heights. None of these values exceeds 13% which is in contra-
diction with the argument that bright rims may be a natural part of
filaments

ative brightness of the structure as seen close to the limb. 2D
results are displayed in Fig. 3 where the emergent line center
intensity, I.(Ha), is plotted against the vertical extension of the
slab in arcsec.

We first notice in Fig. 3 that for geometrical widths greater
than 5000 km, emergent line center intensities saturate at all
heights. This is demonstrated by an almost unique curve cor-
responding to the two widest slabs. Indeed, for the latter, the
horizontal optical thickness becomes large enough (7, > 20)
for Ha line center intensity to be formed in these regions dom-
inated by the incident radiation. Nevertheless, for these models
Ho line profiles exhibit a central reversal whose Ipeak / Zcenter Ta-
tio increases with the slab width; this effect can be seen as well
in Gouttebroze et al. (1993) results.

For narrower slabs (i.e. for decreasing widths), the emergent
intensity decreases significantly at all heights. An explanation
can be found in the reduction of the lateral optical thickness of
Ha. This is in general agreement with the prominence results
of Heinzel et al. (1994) showing how the Ha line integrated
intensity correlates with the optical thickness at line center.

5. Discussion

It is obvious in Fig. 3 that none of the curves exceeds the criti-
cal value of 13% of the nearby disk-center continuum intensity.



F. Paletou: On Ha source function vertical variations in filaments and bright rims visibility

This happens to be in strong contradiction with the possibility
of formation of a bright rim within the filament. Although Ha
line center intensities significantly greater than 13% can emerge
from the very bottom regions of the slab, the extreme thinness
of the relevant areas makes their observation practically impos-
sible. We are aware that the latter statement is founded on the
examination of a few models although it was possible to put
in evidence significant 2D radiative transfer effects. A system-
atic two-dimensional radiative modelling of prominences and
filaments, investigating relevant ranges of temperature, gas pres-
sure and geometrical sizes is under progress and, based on these
new results we shall be able to check out under which conditions
bright rims may be visible.

Another point concerns the incident radiation adopted in the
present study corresponding to the quiet sun emission. Indeed,
as mentioned in Heinzel et al. (1995), an enhanced incident
illumination due to the possible presence of an active region
for instance, could improve the situation. Besides, other expla-
nations on the nature of bright rims yet exist and cannot be
ruled out. One of them will be investigated further such as the
so-called “prominence blanketing” effect, i.e. a chromospheric
brightening below the filament due to back-scattered radiation
(Kostik & Orlova 1975). 2D models are well suited to such study
which requires to examine the radiative interaction between the
filament and the chromospheric regions underneath. It would be
possible then, to determine quantitatively by which amount ar-
eas below the filament could be brightened up and then, evaluate
this effect on the incident radiation back on the structure.

6. Conclusion

Two-dimensional radiative transfer effects on the Ha source
function vertical variations in filaments were found significant.
From our 2D computations we could not produce a bright rim
being a part of the filament body. More generally, it shows to
what extent the use of simple mono-dimensional slab models
can be misleading for a further diagnostic of these structures. We
finally believe that 2D radiative modelling of Ho, He 1 A1083 nm
and Ca1l spectral lines for instance, can significantly improve
the interpretation of present and future (THEMIS) ground-based
spectroscopic observations. The same is true for strong UV lines
which are actually observed from space with the SUMER and
CDS instruments on-board SoHO.
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