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Summary. The processes of emission of Lyman — a radiation by
loop-like structures embedded in the solar corona are investi-
gated, for a large range of physical conditions within these ob-
jects. The coupled set of equations for radiative transfer, and
hydrogen atom level populations, ionization and pressure equi-
libria is solved to obtain the emitted La intensities as functions
of pressure, temperature and size. Three different cases are treated:
(i) optically thin structures with arbitrary geometry. (i) plane-
parallel slabs, either horizontal or vertical, with arbitrary optical
depth. (iii) cylindrical loops with horizontal axis, for moderate
optical depths (r < 1000). The importance of geometry, as well
as that of partial frequency redistribution and of the hydrogen
atom’s model, are evaluated. Empirical formulae and diagrams
of intensity as a function of physical state parameters are given.
The diagnostic possibilities of Lyman — o filtergrams, alone or
in conjunction with other observations, are discussed.
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1. Introduction

The highly structured topography of the outer solar atmosphere
has been long recognized (Van de Hulst, 1953) and also observed
during solar eclipses (Dunn, 1971). However, it is only in the past
few years that, with the advent of high spatial resolution space
telescopes, the general character of this complex structuring has
been confirmed by observations on the sun’s disk. A few dedicated
X-ray observations were carried out by rocket-borne instruments
(Vaiana, 1968), but with the high resolution photographs obtained
by the E.U.V. and X-ray instruments on board Skylab during
the 1973 — 1974 missions (Vaiana et al., 1973; Tousey et al., 1973)
it is readily seen that the basic structures of the corona are loops
of various sizes, densities, temperatures and lifetimes, present
both inside and outside active regions. These observations con-
cern principally high temperature loops. However, Foukal (1975,
1976, 1978) analyzing the E.U.V. observations obtained with the
HCO spectrometer onboard Skylab found that ions characteris-
tic of lower temperatures (typical of the transition region), such
as Ci, Cin, O1v, Ov, O, can, in some instances, be observed
throughout loop structures, even at coronal heights.

During an eclipse in 1970, Gabriel et al. (1971), observed for
the first time an intense Lyman - « emission in the corona and
the upper chromosphere. Gabriel (1971) interprete-* this emission

as due to resonance scattering of chromospheric Lo photons by
neutral hydrogen atoms present in the coronal plasma.

More recently disk filtergrams in Lo + 40 A have been ob-
tained with the “Transition Region Camera” (T.R.C.), a rocket-
borne telescope with a spatial resolution of about 1arcsec
(Bonnet et al., 1980). These filtergrams revealed numerous loops,
which can be seen in emission at the limb and either in emission
or in absorption over the disk (Bonnet and Tsiropoula, 1982).
The particular interest of these Lo observations lies in the fact
that:

1. Hydrogen is the most abundant element in the solar
atmosphere,

2. Among lines of neutral atoms, La is the most intense.
Thus, La is the most sensitive tool to investigate low temperature
components of the upper solar atmosphere.

One of the principal purposes of this paper is to set the basis
of a theory that can be applied to the analysis of L« filtergrams
such as those obtained with the TRC. In these observations, the
fundamental measurable quantity is the intensity integrated over
frequency in a bandpass including the core and the near wings
of the line. For observational reasons, it is convenient to use
relative, rather than absolute, intensities so that in the following
we shall express the Lo intensity of a structure as a dimensionless
parameter, the “Lyman-« relative intensity” (LRI), defined as the
ratio of the intensity (emitted by that structure) integrated over
a 10 nm bandpass around line center, to the same quantity aver-
aged over the solar disk. Since the intensity decreases by several
orders of magnitude from the center to the wings, the precise
knowledge of the bandpass is not critical, and different observa-
tions can be used to determine the value of the two terms of this
ratio. The aim of this paper is to establish, for diagnostic pur-
poses, what empirical relationships, if any, may exist between the
LRI and the physical variables (temperature, pressure) of rela-
tively cool structures embedded in the corona, observed on or
outside the disk. In a forthcoming paper, an analysis of Lyman —
o filtergrams, obtained with the T.R.C., will be presented.

This study is divided in three cases, in order to cover the
useful ranges of temperature and pressure for coronal structures
that may be observed in La. These are:

(i) Optically thin objects (i.e. high temperature or low pres-
sure loops). As no optically thick transfer problem is involved
in this case, solutions may be carried out for arbitrary geometries.

(ii) Plane-parallel slabs. A set of equations, including radia-
tive transfer in line and continua, pressure, ionization and level
population equilibria, is solved in a self-consistent way. We
examine both the case of an horizontal slab, representative of
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observations at the center of the solar disk, and that of a vertical
slab, related to observations at the limb. The full range of useful
optical thicknesses is envisaged.

(iii) Cylindrical objects. Here we try to get closer to the actual
geometry of observed loops. Comparison of results with those
of the preceding case allows an evaluation of the importance of
geometrical effects and thus provides a check on the usefulness
of plane-parallel computations.

2. Optically thin objects

Here, the structure is assumed to be optically thin in Lo, which
ensures the uniformity of the radiation field for every transition
of the hydrogen atom, since their absorption coefficients are
smaller than that of La. Thus, radiative bound-bound rates and
photoionization rates are constant throughout the object. Fur-
thermore, the temperature and pressure are assumed constant,
which ensures the uniformity of collisional and recombination
rates. This last condition is not as restrictive at it may seem,
since it is possible to bring several constant-property pieces
together to model a more complex structure, such as a sheathed
loop, for instance. This uniformity of all rates automatically yields,
through the statistical equilibrium equations, that the level popu-
lations, absorption coefficients and source functions are also
uniform.

2.1. Formulation
2.1.1. Statistical equilibrium

Our model atom includes 3 levels and a continuum. Thus 6
transitions are taken into account: the Lo, LB and Ha lines, and
the Lyman, Balmer and Paschen continua. For given values of
the pressure and the temperature, we compute the transition
probabilities as indicated below, and determine the densities of
atoms in the different levels by solving the set of the 4 linear
equations of statistical equilibrium (including particle conserva-
tion). In particular, the number density of atoms in the funda-
mental state (N,) yields the La absorption coeflicient and thus
the optical thickness along the line of sight, once the dimensions
of the structure are fixed.

2.1.2. Radiative bound-bound rates

The principle of calculation is the same for the 3 lines: we con-
sider optically thin structures lying at low altitude above the
solar surface. Therefore, the intensities in the 2z sr outward solid
angle may be determined from observations, while they are zero
in the opposite half-space (towards the center of the sun). By
averaging these intensities over 47, we get the mean intensity
J, as a function of the frequency in the line. For Lo and Lp,
intensities are taken from data obtained with the OSO-8/L.P.S.P.
experiment. The Lo intensities have been adjusted to obtain a
frequency-integrated outward intensity (i.e. twice the mean inten-
sity) of 6.5510* ergs~'cm~2sr~! (see Lemaire et al., 1981 and
references therein). For Ho intensities, we used solar irradiance
tables by Beckers et al. (1976). Since radiative excitation proba-
bilities depend linearly on the mean intensity J = jJ yo,dv, their
computation involves the knowledge of the absorption profile
¢,. At low densities, such as those considered in this study,
collisional broadening is negligible with respect to natural broad-
ening, which defines the wings of the profile. The core is domi-
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nated by Doppler broadening, whose width is proportional to
(2kT/m + £2)Y/2 (where ¢ is the microturbulent velocity; other
symbols have their usual meaning). Whereas the thermal term
(2kT/m) is preponderant in the case of hydrogen lines, the micro-
turbulent velocities observed in the solar chromosphere are too
high to be neglected. As some correlation has been observed be-
tween ¢ and T (cf. Feldman et al., 1978), we preferred, instead
of neglecting & or introducing it as a new free parameter, to link
the two quantities by the empirical formula:

£ =6+ 14log(T/10%) )

which fits roughly the observations represented on the Fig. 4 of
the paper by Feldman et al. Here, ¢ is in km s~ ! and T in kelvins.

2.1.3. Radiative bound-free rates

The radiative transition probabilities for hydrogen bound-free
transitions depend on the radiation fluxes above the solar surface,
in the corresponding frequency bandpasses. We defined these
fluxes in terms of mean radiation temperatures: 6500 K, 5000 K
and 4800K for the Lyman, Balmer and Paschen continua,
respectively.

2.1.4. Collisional rates

These rates follow from collisional cross-sections as functions of
the energy of the incoming electron. As our computations cover
a very large range of temperatures (almost 10* to 107 K), it was
necessary, for La, to use cross sections from different sources:

(i) at low energies (10 to 11eV), we used the experimental
results of Williams and Willis (1974) for the (1s — 2p) transition,
and Koschieder et al. (1973) for (1s — 2s);

(i) at medium energies (11 to 50eV), the cross-sections were
taken from Mc Gowan et al. (1969);

(iii) at high energies (> 50eV), we used the formulae of
Johnson (1972).
For other transitions, we used the compilation of Vernazza (1972).

2.1.5. Lyman-a source function

The source functions have been computed under two different
assumptions with respect to photon scattering: complte redis-
tribution (CR) and partial frequency redistribution (PFR). Al-
though the second assumption is more realistic, the first one
allows much faster computations, avoiding the lengthy calcula-
tion of redistribution functions. For PFR, we used a frequency-
dependent coherence ratio, following Basri et al. (1979). The effect
of anisotropic scattering is not studied here: since limb-darkening
is very weak in Lo, and the emitting structure is lying at low
altitude above the solar surface, the incoming radiation field is
almost isotropic in a 2z sr solid angle. Thus, the light scattered
horizontally will not depend on the angular redistribution func-
tion. In most of the La wavelength range, the continuous absorp-
tion coeflicient is negligible with respect to that of the line, so
that the source function calculation reduces to that of the line
source function.

In the case of CR, it is possible, once the populations of atomic
levels are obtained by solving the equations of statistical equilib-
rium, to compute the source function using the formula:

2h 3 -1
S=—§<g—2&—1> @
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However, for the sake of discussion, it is advantageous to dis-
tinguish between the contributions of scattering, collisional exci-
tation and interlocking to the source function. Thus, following
Jefferies (1968), we put S into the form:

. J + ¢B(T) + 1B

3
14+e+n ®)

where # and #B are combinations of all transition probabilities
other than those corresponding to (1 — 2). To isolate the scatter-
ing term only, we reduce the expression of S to the more compact
form:

S=¢*B* + (1 —e%)J (4)

Once obtained &* and B*, it is also possible to calculate the
source functions in the case of PFR, using the formula:

1
S, = &*B* + (1 — &) — [J,R,,dV' )

The redistribution matrix was computed using a method
analogous to that of Adams et al. (1971) but replacing, to save
computer time, the spline representation of intensity by a piece-
wise representation. For the R;, function, we used a gaussian
integration of the angle-dependent redistribution function when
the two frequencies (for absorption and emission) lie within the
line core, and the “wing” formula of Adams et al., otherwise.

2.1.6. Intensities
If Al is the dimension of the object along the line of sight, the
corresponding optical thickness at frequency v will be:

h
t,==°N,B,,4l¢, ©)
47

If the object is observed outside the solar disk, it will appear
with the monochromatic intensity:

7,(41

)
I="] Sedt,=S(1—e™ )
[}

For observations made over the disk, the intensity is:
I,=1%""%+ 81 —e™%) 8)

(where I? is the monochromatic intensity of the solar disk).

In both cases, we obtain the LRI by integrating I, over fre-
quency and dividing the result by the mean disk intensity, as
indicated above.

2.2. Results

We calculate here the intensities for pressures ranging from 10~?2
to 10?2 dyn cm ™2, with a special emphasis on those lying between
0.1 and 10dyncm ™2, which correspond to most observed loops
(cf.. Rosner et al., 1978). Pressures higher than 10dyn cm ™2 seem
to occur only in flares, while those of order 10~ 2 dyn cm ™ 2 might
be associated with the cool cores of sunspot loops (Foukal, 1975,
1978).

2.2.1. Lyman-a emission mechanisms

Every process that populates atomic level 2 may be considered
as an emission mechanism. These are the following (we write in

parentheses the corresponding rates):

(i) La absorption (N,B;,J)

(ii) collisional excitation from level 1 (N,C,,)

(ili) Ha emission (N3A45,)

(iv) collisional de-excitation from level 3 (N;C;,)

(v) radiative recombination in the Balmer continuum (N_R,,)

(vi) collisional recombination in the Balmer continuum
(N CCCZ)'

The efficiencies of these processes are compared in Fig. la, as
functions of pressure, for a typical temperature (10° K). It appears
that:

— the collisional processes (iv) and (vi) are always negligible;

— the radiative rates (iii) and (v) associated with Ho and the
Balmer continuum, respectively, have a variation with pressure
nearly parallel to that of collisional excitation (ii), which
dominates them by about an order of magnitude;

— the scattering of La radiation (i) dominates all processes for
pressures lower than about 0.5dyncm ™2, but becomes less ef-
ficient than collisional excitation at higher pressures.

In Fig. 1b, we compare the two dominant processes (scatter-
ing and collisional excitation) by plotting the ratio C,,/B;,J as
a function of temperature, for different values of the pressure
(since this ratio is proportional to the electron density, and there-
fore to the pressure, all curves have the same shape). It appears
that the variation of this ratio is nearly flat in a large range of
temperature, with a maximum between 10° and 210° K. It de-
creases slowly towards high temperature, but sharply in the op-
posite direction, below 30000 K.

In brief, one may say that, in a large range of temperatures
(310* to 10°K), the dominant process is scattering at low pres-
sures (p < 0.5dyncm™?) and collisional excitation at higher
pressures (p > 1 dyncm ™~ 2). This conclusion is not in contradic-
tion with that of Gabriel et al. (1971) and Withbroe et al. (1982)
(who said that collisional excitation was negligible) since these
authors were both concerned with outer components of the solar
corona, where densities are generally lower than those considered
here.

2.2.2. Cptical thickness

The line center optical thickness 47 of the object along the line
of sight is represented in Fig. 2 as a function of its pressure and
temperature, for a given geometrical thickness 4/ = 1000 km (4t
is proportional to 4l). One may notice that, in the useful range
of parameters, 4t is essentially proportional to the pressure.
Towards high temperatures, the relation log 4t = f(log T') tends
to be linear, and may be approximated by the simple relation:

AT ~ PA110—3.33—3.05x (9)

where P is expressed in dyncm ™2, Al in megameters and x = log
(T/10°K).

2.2.3. Intensities for objects observed outside the solar disk

In this case, the intensities may be computed from Eq. (7) and
Eq. (4) or (5), depending on whether complete redistribution is
assumed or not. The effect of the CR approximation on the pro-
files is illustrated in Fig. 3, where we consider 2 objects with dif-
ferent pressures and temperature. For the same set of physical
parameters, the profiles computed in PFR and in CR are iden-
tical in the core, but the CR wing is higher than the PFR one.
This difference disappears for high pressures, since collisional
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Fig. 1a and b. Comparison of efficiencies for different processes populating level 2 of the hydrogen atom. a Transition rates (in cm ™~ s~ !) as functions
of pressure (in dyncm ~2) for a temperature of 10° K. The curves are labeled with the corresponding mathematical symbols. b Ratio or collisional to
radiative excitation rates for the (1-2) transition, as a function of temperature (in kelvins) for different pressures, indicated (in dyn cm~?) along the

corresponding curves

Fig. 2. Line center optical thickness as a function of temperature (in K)
for different pressures (in dyncm ™2, indicated along the curves), and a

geometrical thickness of 1 Mm
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Fig. 3. Lyman-a monochromatic intensities (in ergs™*cm™2sr™* Hz™*)
as a function of the distance to the line center measured in frequency
units (THz). Solid line: solar disk intensities. Other lines: objects of 1 Mm
thickness observed outside (and close to) the limb. Dashed line: pressure
0.1dyncm ™2, temperature 7 10K, PFR. Dotted line: same object, but
the intensities are calculated with the CR approximation. Dash-dotted
line: pressure 10 dyncm ™2, temperature 510° K (PFR and CR)
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excitation dominates scattering in this case. As the intensity in
the wings is several orders of magnitude lower than that of the
core, the difference between CR and PFR profiles has no conse-
quence on the intensity integrated over frequency. Thus, the
approximation of CR gives wrong profiles but good frequency-
integrated intensities, for optically thin objects.

The corresponding LRI’s are represented in Fig. 4a, as
functions of pressure and temperature, for the same value of 4]
(1Mm) as above. Intensities like optical thicknesses, decrease
rapidly with temperature. Here, the curves are unequally spaced
in logarithmic scales: towards low pressures, where scattering
dominates, the LRI varies linearly with the optical thickness, and
thus with the pressure. On the other hand, at high pressures, the
emission is dominated by collisional excitation and varies as the
product N, x N, ie. as the square of the pressure (one may
check that the two lower curves are separated by about one order
of magnitude, while the two upper ones are separated by two
orders). In fact, as other processes populating level 2 are not
really negligible, it is not possible to give an empirical formula
both precise and simple for the LRI. Nevertheless, we may obtain
an estimate of the LRI using a formula with a linear and a qua-
dratic term in P:

T\"3 T \"35
LRI ~ Al|:1.3 X 10_4<W> P+21x 10_4<W> P2:|

where A4l is in megameters, T in kelvins and P in dyncm ™2

2.2.4. Intensities for objects observed on the disk

Using Eq. (8), we can obtain the LRI for a structure observed
on the disk, as a function of its pressure and temperature. The

10’

10% p=100 |

L] !
10° ] 10°
TEMPERATURE

10 MR | L 1 !

result is represented in Fig. 4b, for a geometrical thickness of
1 Mm. As the temperature increases, the optical thickness tends
to zero, and the LRI to 1. Towards low temperatures, the varia-
tion of constrast vs. temperature is very different depending
upon the value of the pressure: below a transition value (about
0.4 dyn cm ~ 2) the structure appears darker than the surrounding
solar disk, while, for higher pressures, it is brighter. The reason
of this may be easily understood from Sect. 2.2.1: in the scattering
process, radiation absorbed in a 2z sr solid angle is reemitted into
4n sr, and thus diluted. On the contrary, collisional excitation
produces a reinforcement of the L intensity without absorption
of photons from the solar disk.

As the pressure controls the ratio between collisional
excitation and scattering, it determines also the observed inten-
sity of the structures. Thus, the contrast of structures observed
on the solar disk in La constitutes a diagnostic of pressure rather
than temperature.

Towards low intensities, it should be noticed that LRI lower
than 0.9 cannot be produced by optically thin structures. Thus,
the dark loops observed by Bonnet and Tsiropoula (1982) are
probably low-temperature, optically thick objects, as is shown
below.

3. Optically thick slabs

When temperature decreases, coronal loops become optically
thick in Le, and successively in other Lyman lines, Lyman con-
tinuum, Balmer lines, etc. Then, radiative transfer equations must
be solved for all relevant transitions, together with the steady state
equations for pressure, ionization and atomic level populations.

[ L
10° 10°
TEMPERATURE

oglt 1 1111 1 11

Fig. 4a and b. Optically thin objects: relative frequency-integrated intensities as functions of temperature (K) for a geometrical thickness of 1 Mm.
a observations out of the limb, b observations on the disk. Each curve corresponds to a constant pressure, which is indicated in dyn cm ™2
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To solve the radiative transfer equations numerically, we must
assume that the object has a simple geometry, so that, in this
section, we shall limit ourselves to the study of plane-parallel
slabs, either vertical or horizontal with respect to the solar surface.
In each case, the slab will be assumed perpendicular to the direc-
tion of the observer, so that results obtained in the horizontal case
can be used for comparison with objects observed near the center
of the solar disk, while the vertical case can be associated with
observations at the limb.

3.1. Computational methods

The equilibrium equations for atomic level populations, electron
density and pressure are solved iteratively. Between two succes-
sive iterations on these state variables, a number of iterations is

performed on radiation fields in lines and bound-free continua.
For each of these transitions, an equivalent two-level atom ap-
proach is used, and the intensities and source functions are com-
puted by the Feautrier method. These iterations proceed until all
convergence criteria (on electron density, level population and
radiation fields) are statisfied. Adjustable relaxation parameters
are used in order to optimize the convergence properties of the
system.

Most computations assume a three-level plus continuum hy-
drogen atom, similar to that described in the preceding section.
The standard assumptions in the treatment of photon scattering
are PFR for the La and L lines, and CR for Ha. For the sake
of comparison, some other computations are done using the CR
assumption for all lines, which is less realistic, but often used in
the literature. In order to evaluate the influence of the limitation
in the number of atomic levels, some models have been recom-
puted with a 5 level plus continuum hydrogen atom, with a PFR
treatment of Lo and LS and a CR one for the 8 other lines.

For a horizontal slab, the lower boundary condition is de-
fined by the incident intensities in lines and continua, which are
equal to those emitted by the solar disk, while the upper boundary
condition corresponds to zero incident intensities. For a vertical
slab, we use the same intensities, divided by 2, incident on both
sides (in this last case, computations are done with one half-slab
only, taking advantage of the symmetry). In 3 level plus contin-
uum computations, the intensities emitted by the solar disk are
2 times the mean intensities used in the optically thin case of the
preceding section. When using a 5 level plus continuum atom,
we complement this intensity set in the following way: Ly and Lé
are assumed to have the same profiles as Lg, but the intensities
are scaled by the ratio of frequency-integrated intensities mea-
sured by Vernazza and Reeves (1978). For the HS and Hy lines,
we used line profiles by David (1961). For the Pa, P and Ba
lines, which are less important for statistical equilibrium popu-
lation of level 2, we simply used the continuum values of incident
radiations. For bound-free transitions from level 4 and 5, we used
mean radiation temperatures of 4550 and 4300 K, respectively.

The emergent intensities are computed from optical depths
and source functions, using formulae similar to (8) or (7), accord-
ing as the slab is horizontal or vertical (in this last case, we first
reconstruct the symmetric, full slab from the half-slab used in the
computations).

3.2. Results

The computations done for plane-parallel slabs are summarized
in Table 1. In order to keep the total amount of computing time
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within reasonable limits, we restrict our investigation to 1 signifi-
cant geometrical depth (1 Mm) and 4 pressures (0.01, 0.1, 1 and
10dyn cm~2). In every case, the computations are done for both
horizontal and vertical slabs. The range of temperatures consid-
ered depends on the pressure and corresponds approximately to
the useful range of optically thick slabs. For p = 10dyncm ™2,
this interval is limited to 10° and 2 10° K, since lower tempera-
tures give too high, unrealistic intensities. Computations done,
for comparison, with a 5-level plus continuum atom or with the
CR approximation, are restricted to p = 0.1dyncm ™ 2. As results
of these computations, we give in Table 1 the optical thickness of
the slab at the center of the Lyman-a line, which is an indicator
of the mean ionization of hydrogen, and the LRI.

3.2.1. Horizontal slabs

The variations of frequency-integrated intensities vs. temperature
are represented, for horizontal slabs, in Fig. 5. These variations
are strongly dependent on pressure. For high pressure loops
(1dyncm™2), which are collision-dominated as seen in the pre-
ceding section, the decrease of temperature from about 210°K

50,

40

30

20

=

P O ONOOO

LR.L

11 11 I 1
10* 10°
TEMPERATURE

0.1 | 1 1 L

Fig. 5. Relative frequency-integrated intensities for horizontal plane-
parallel slabs of thickness 1 Mm, as functions of temperature. Each curve
corresponds to a constant pressure, which is indicated in dyn cm 2. Solid
curves refer to PFR computations in the Lyman lines. The dashed curve
corresponds to the CR approximation
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Table 1. Summary of computations for plane-parallel slabs

Pressure Temperature Position Number of Redistribution Optical Relative
(dyn cm'z) (K) (H=horiz. discrete (P = partial depth at intensity
V=vertical) levels C = complete) line center (LRI)
0.01 7000 H 3 P 4.05 (+3) 7.47 (-1)
0.01 7000 v 3 P 4.04 (+3) 1.45 (-1)
0.01 10000 H 3 P 1.19 (+3) 7.21 (-1)
0.01 10000 v 3 P 1.17 (+3) 1.59 (-1)
0.01 15000 H 3 P 2.95 (+2) 6.96 (-1)
0.01 15000 v 3 P 2.95 (+2) 1.86 (-1)
0.01 20000 H 3 P 9.12 (+1) 6.97 (-1)
0.01 20000 v 3 P 9.13 (+1) 2.00 (-1)
0.01 30000 H 3 P 6.44 8.01 (-1)
0.01 30000 v 3 P 6.44 1.59 (-1)
0.01 50000 H 3 P 2.15 (-1) 9.68 (-1)
0.01 50000 v 3 P 2.15 (-1) 2.35 (-2)
0.1 7000 H 3 P 2.21 (+5) 4.43 (-1)
0.1 7000 H 3 c 3.01 (+5) 3.77 (-1)
0.1 7000 v 3 P 2.17 (+5) 3.72 (-1)
0.1 7000 v 3 c 2.94 (+5) 3.41 (-1)
0.1 10000 H 3 P 5.15 (+4) 6.27 (-1)
0.1 10000 H 3 C 7.97 (+4) 6.32 (-1)
0.1 10000 H 5 P 5.76 (+4) 6.27 (-1)
0.1 10000 v 3 P 5.17 (+4) 3.54 (-1)
0.1 10000 v 3 [« 7.92 (+4) 4.15 (-1)
0.1 10000 v 5 P 5.78 (+4) 3.73 (-1)
0.1 15000 H 3 P 6.06 (+3) 1.10
0.1 15000 H 3 C 6.06 (+3) 1.30
0.1 15000 v 3 P 6.15 (+3) 7.54 (-1)
0.1 15000 v 3 C 6.14 (+3) 9.57 (-1)
0.1 20000 H 3 P 1.41 (+3) 1.50
0.1 20000 H 3 C 1.30 (+3) 1.80
0.1 20000 H 5 P 1.44 (+3) 1.55
0.1 20000 \ 3 P 1.43 (+3) 1.17
0.1 20000 v 3 c 1.31 (+3) 1.46
0.1 20000 \Y 5 P 1.46 (+3) 1.22
0.1 30000 H 3 P 7.58 (+1) 1.04
0.1 30000 H 3 c 7.55 (+1) 1.12
0.1 30000 v 3 P 7.58 (+1) 6.47 (-1)
0.1 30000 v 3 c 7.56 (+1) 7.21 (-1)
0.1 50000 H 3 P 2.22 8.90 (-1)
0.1 50000 H 3 C 2.22 8.90 (-1)
0.1 50000 H 5 P 2.38 8.89 (-1)
0.1 50000 v 3 P 2.22 1.83 (-1)
0.1 50000 v 3 c 2.22 1.83 (-1)
0.1 50000 v 5 P 2.38 1.94 (-1)
0.1 70000 H 3 P 3.92 (-1) 9.56 (-1)
0.1 70000 \ 3 P 3.92 (-1) 5.79 (-2)
1 7000 H 3 P 4.33 (+6) 1.60 (-1)
1 7000 v 3 P 4.30 (+6) 5.32 (-1)
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Table 1 (continued)
Pressure Temperature Position Number of Redistribution Optical Relative
(dyn Cm_z) (K) (H=horiz. discrete (P = partial depth at intensity
V=vertical) levels C = complete) line center (LRI)
1 10000 H 3 P 2.99 (+5) 4.77
1 10000 \ 3 P 3.03 (+5) 4.77
1 15000 H 3 P 1.82 (+4) 1.39 (+1)
1 15000 \ 3 P 1.86 (+4) 1.35 (+1)
1 20000 H 3 P 4.62 (+3) 2.68 (+1)
1 20000 A 3 P 4.70 (+3) 2.63 (+1)
1 30000 H 3 P 5.76 (+2) 2.71 (+1)
1 30000 v 3 P 6.02 (+2) 2.70 (+1)
1 50000 H 3 P 2.21 (+1) 5.99
1 50000 A 3 P 2.21 (+1) 5.45
1 70000 H 3 P 3.92 2.27
1 70000 v 3 P 3.92 1.67
1 100000 H 3 P 8.61 (-1) 1.25
1 100000 v 3 P 8.61 (-1) 4.70 (-1)
10 100000 H 3 P 8.55 5.04 (+1)
10 100000 \ 3 P 8.55 4.82 (+1)
10 200000 H 3 P 6.89 (-1) 4.59
10 200000 A 3 P 6.89 (-1) 3.77
first causes an increase of intensity, as the slab becomes more
and more optically thick. This process is balanced by the decrease  4.10-%}
of excitation so that a maximum is reached between 3 10* and
210*K. At low temperatures, the slab becomes very opaque and |
the emitted intensity drops sharply, as the Planck function. v
For a lower pressure (0.1dyncm™2), the variation is more
complex. As temperature decreases, the appearance of opacity 3.0
first causes a decrease in intensities since, as seen for optically
thin objects, the radiation absorbed within 27 steradians is scat-
tered into 47. But, below 4 10* K, the intensity begins to increase, T=7000
as a result of the imprisonment of Lo radiation within the slab
which produces a higher mean excitation (this effect was not pre-  2.10° T-15000
dictable from optically thin analysis). A maximum is reached near
210*K and, below this temperature, the intensity decreases as
in the preceding case. T-30000
For very low pressures (0.01 dyn cm ~2), the intensity decreases
regularly as the slab becomes cooler, from 10° to 2 10* K. At lower 10-°-
temperatures, it rises slowly again. This effect may be understood
from Fig. 6: as the temperature decreases, the absorption feature,
at the center of the line, becomes both deeper (as optical thickness
increases) and narrower (as Doppler width decreases). When the
central intensity comes close to zero, the increase of transmission % —_—
due to the decrease of absorption width becomes more important Av

than the increase of absorption at line center. Thus, for a low-
pressure low-temperature structure observed on the disk, the
contrast on Lo filtergrams may be weak, whereas the optical
thickness at line center is high. This might explain why some

Fig. 6. Lyman-o line profiles for horizontal slabs of thickness 1 Mm and
pressure 0.01 dyncm ™2, observed at normal incidence. Each curve cor-
responds to a given temperature, indicated in K. Frequencies are in THz
and intensities in ergs™*cm ™ 2sr ! Hz !
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filaments appear with higher contrast in Ha pictures than in La
pictures (cf. Bonnet et al., 1980), whereas the optical thickness in
the former line is certainly much smaller than in the latter.

3.2.2. Vertical slabs

Figure 7 is similar to Fig. 5, but concerns vertically standing slabs
observed outside (but close to) the solar limb. High pressure (10
and 1dyn cm~2) vertical slabs emit about the same intensities as
the corresponding horizontal slabs, since the main part of emis-
sion comes from collisional excitation inside the slab itself. The
curves differ at both ends: towards high temperature, we find
again the optically thin case, where LRI goes to 0 for vertical
slabs instead of 1 for horizontal slabs. Towards low temperatures,
whereas the LRI’s for horizontal slabs decrease rapidly, those
corresponding to vertical slabs seem to stabilize near 0.5. As we
have only one computed point in this region (LRI = 0.53 for
p = 1dyncm™2, T = 7000 K), we cannot be very affirmative con-
cerning this asymptotic behaviour but, if true, it may find the
following explanation: at low temperatures, collisional excitation
becomes negligible so that the emission of the slab is formed prin-
cipally by radiation from the solar disk which is scattered back.
Since the optical thickness is very large, and the photon destruc-

50,

L.R.I.

| .
10°
TEMPERATURE

Fig. 7. Same as Fig. 5, but for vertical slabs

tion probability small enough, the albedo of the slab is close to 1.
The value 0.5 comes from the dilution of radiation into an emis-
sion solid angle 2 times larger than that of absorption (cf. Vial,
1982).

For a lower pressure (0.1 dyn cm™2), there is also some simi-
larity between the curves corresponding to vertical and horizontal
slabs, since both curves have a maximum near T = 20000 K. But
the intensities emitted by the vertical slab are, in this case, sig-
nificantly smaller than those emitted by the horizontal one. The
difference may be roughly explained remarking that the intensity
emitted by the vertical slab is due to photons emitted in the slab
itself. For the corresponding horizontal slab, the internal emission
is not very different (provided that the optical thickness is not
too large), but we must add to the intensity the contribution of
photons from the solar disk that go through the slab without
being absorbed, especially in the wings of the absorption profile.
Towards low temperatures, the situation tends to be reversed as
the optical depth grows: thermalization becomes effective and the
brightness of the vertical slab grows again towards 0.5, while that
of the horizontal one continues to decrease, as in the high pressure
case.

In the very low pressure case (0.01 dyn cm ™ 2), the slab remains
optically thin for the main part of the photons emitted by the sun,
so that the LRI is low: the maximum, near 0.2, is reached around
T = 20000 K. Towards high temperatures, the sharp decrease of
intensity is due to that of optical thickness. Towards low tempera-
tures, we observe a slower decrease related to that of the Doppler
width of the absorption profile in such a way that, whereas the
optical thickness at line center continues to grow, the fraction of
solar photons intercepted by the slab decreases (this is the same
process that explains the increase of intensity of the corresponding
horizontal slab).

3.2.3. Partial or complete redistribution?

In order to evaluate the validity of the CR approximation, we
made another series of computations (restricted to p = 0.1dyn
cm~2) with this assumption. The consequences on LRI result
from 3 different effects:

(i) CR increases the intensities in the line wings. This effect
is a general property of noncoherent scattering, and applies also
to the solar chromosphere, stars. etc . . . It tends to increase the
integrated intensity, for horizontal as for vertical slabs.

(i) CR reduces the excitation in the central part of the slab.
As pointed out by Heinzel (1984), the coherency of scattering in
the wings of the absorption profile makes easier the penetration
of La radiation into the central part of the slab, thus increasing
level 2 population and source function. This effect tends to in-
crease PFR source functions and intensities with reference to CR
ones. It is particularly important for cool and thick slabs.

(iii) CR reduces the ionization in the central part of the slab,
and consequently increases the optical thickness. It is a conse-
quence to the preceding effect: since level 2 is less populated inside
the slab, photoionization by the Balmer continuum is less efficient,
so that the density of neutral hydrogen is increased. This effect
tends to decrease the LRI of horizontal slabs and to increase that
of vertical ones (as the preceding one, it is particularly efficient
at low temperatures).

The global result is that, for vertical slabs, CR intensities are
generally higher than PFR ones, except for the lowest tempera-
ture (7000 K). For horizontal slabs, CR intensities are lower at
low temperatures (7000 K), and higher at medium temperatures
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(20000 K). At high temperatures (optically thin case), the differ-
ence is negligible, as shown in Sect. 2. The maximum departure,
for the case under study (4! = 1 Mm, p = 0.1 dyncm™?) is about
30%.

It should be noticed that, among the above mentioned effects
of redistribution, the third one (concerning ionization) requires a
self-consistent treatment of statistical and ionization equilibria,
and radiative transfer with the appropriate redistribution func-
tions. Thus, the procedure (sometimes used) of treating equilib-
rium equations with CR radiative transfer and using PFR in the
final computation of La profiles only, is not satisfactory.

3.24. 3 or 5 levels?

We also made a series of computations using a 5 level plus con-
tinuum hydrogen atom, in order to evaluate the consequences
of the reduction of the number of atomic levels. This series was
also restricted to p = 0.1 dyn cm ™ 2. The results, given in Table 1,
show that the intensities obtained with 5 levels are always greater
than (or equal to) those computed with 3 levels, since cascades
tend to increase the population of level 2, but that the difference
is small: for the present series of computations, relative departures
are all lower than 6% (the difference may be more important for
Ha).

We may thus conclude that a 3-level plus continuum atom is
in general a sufficient approximation for the computation of La
intensities.

4. Optically thick cylinders

The plane-parallel geometry, assumed in the computations of the
preceding section, had the advantage of using one-dimensional
radiative transfer routines, which are relatively reliable and fast,
thus allowing their repeated use within logical loops including a
number of other equations (ionization, statistical equilibrium,
etc.). But, as long as solar coronal loops are concerned, a cylin-
drical geometry is much more realistic. From the point of view
of radiative transfer, the study of such objects requires not only
the use of cylindrical coordinates, but also a full 2-dimensional
treatment, since the incident radiation field is not symmetrical
with respect to the axis of the cylinder (except in the special case
where this axis is vertical). At the present time, there does not exist
any fast and reliable method, using either difference-equation or
integral-equation methods, to solve this problem, so that we turn
towards a Monte-Carlo method, with an equivalent two-level
atom. This approach has some limitations, especially in the range
of optical thicknesses that can be treated correctly, but the com-
parison with plane-parallel calculations may help to construct
some reliable extrapolations.

4.1. Method

The Monte-Carlo method considered here consists in a simula-
tion of the random walk of La photons through the cylinder, fol-
lowing the general principles described, for instance, by Cashwell
and Everett (1959). The case of photons in cylindrical geometry
has been treated by several authors, in particular Avery et al.
(1969).

In practice, such a method is limited to a 2-level atom, so that
we first computed the net result of all other transitions of the 3-
level plus continuum hydrogen atom on the La line, in the opti-
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cally thin approximation. This result consists in two parameters:

(i) a “creation ratio” (1) which is the ratio of the number of
atoms that come to level 2 by different processes (except Lo
absorption) to those which are excited by La absorption, in the
same volume and during the same time.

(ii) a “destruction probability” (¢), which represents the frac-
tion of atoms in level 2 that leaves this level by another process
than emission of a La photon.

The validity of this method is restricted to moderate optical
thicknesses in La. The principal reason is that it assumes that the
ionization equilibrium, which determines the opacities, is approx-
imately uniform. Since this equilibrium depends principally on
bound-free continua, one may expect that the preceding condition
is satisfied when these continua are optically thin. For the range
of temperatures considered here, the ratio between the optical
thicknesses at the center of La and the head of the Lyman con-
tinuum is greater than 103, while the opacities in the Balmer and
higher continua are still lower than that of the Lyman continuum.
Thus, we decided to restrict the present computations to optical
thicknesses lower than 10° at the center of La and to check the
approximate uniformity of ionization with the multilevel com-
putations of the preceding section. Another reason to limit the
optical thicknesses of our cylinders is that, in the Monte-Carlo
method, the computer time grows (approximately linearly) with
the mean number of scatterings per photon and thus with the
optical thickness.

Finally, it may be expected that the effects of curvature, which
constitute the important part of the difference between the cylin-
drical and plane-parallel cases, become less and less important
as the optical thickness increases, so that the case of moderately
thick cylinders is probably the most interesting to study.

The principle of the calculation is summarized in Fig. 8. We
consider two different sources of primary photons: emission by
the solar disk and internal creation by electron collisions and
other processes, expect Lo absorption, that populate level 2. The
relative contributions of these two sources are determined by the
creation ratio #, arising from optically thin statistical equilib-
rium. Some photons emitted by the disk go through the cylinder
without absorption. Some photons created in the cylinder escape
directly. The others undergo a number of scatterings, where they
have the probability ¢ to be destroyed. The photons escaping
from the cylinder, with or without scatterings, are recorded by
different counters. Directional counters record the polar coordi-
nates (0, @) of the direction of escape. We also define two exit
“windows™: an upper window (6 < 30°) simulates observations
near the center of the solar disk, while a side window (60° < 0 <
120°, —30° < ¢ < 30°) represents observations near the limb,
perpendicularly to the axis of the cylinder. When a photon es-
capes by one of these windows, special counters record their fre-
quency, in order to have the line profile, and the distance of their
trajectory to the axis of the cylinder, to obtain the tranverse vari-
ation of intensity. In addition, some similar counters record the
primary photons emitted by the disk, which give the reference
flux for the calculation of the LRI

4.2. Results

We performed computations for 9 models of cylinders with a di-
ameter of 1 Mm and different values for pressure and tempera-
ture. In every case, the axis of the cylinder was horizontal. These
computations are summarized in Table 2, which contains, in ad-
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Table 2. Summary of computations for cylinders
Pressure Temperature Micro- Optical Creation Destruction LRI for LRI for
(dyncm™2) (K) turbulence thickness ratio probability upper side
(kms™1) at line center window window
0.01 20000 10.2 9.79 (+1) 2.53 (—3) 6.64 (—4) 712 (—1) 233(-1)
0.01 30000 12.7 6.55 6.13 (—3) 7.71(—4) 8.19(—1) 1.63(—1)
0.01 50000 15.8 216 (—1) 1.45(-2) 9.22(—4) 9.78 (—1) 2.26 (—2)
0.1 30000 12.7 7.87(+1) 4.66 (—2) 7.83 (—4) 9.76 (— 1) 6.27(—1)
0.1 50000 15.8 222 1.30(—1) 9.32(—4) 891(—1) 170 (—1)
0.1 70000 17.8 392 (-1) 1.97(-1) 1.03(—3) 9.64 (—1) 5.67(—2)
1 50000 15.8 223(+1) 1.29 1.03(—3) 4.40 4.03
1 70000 17.8 392 1.95 1.11(=3) 191 1.37
1 100000 20.0 8.69 (—1) 2.49 1.19 (=3) 1.26 480 (—1)

dition to the fundamental variables (pressure and temperature),
the following data:

— the microturbulent velocity, assumed to be related to tem-
perature by Eq. (1)

— the optical thickness along a diameter, computed at the
center of the Lo line

— the creation ratio # and the destruction probability ¢, com-
puted from statistical equilibrium, as explained above,

and, as results of the computations:

— the relative intensities, measured close to the axis of the
cylinder, for both exit windows. The LRI corresponding to upper

and lateral windows are to be compared to those emitted by hor-
izontal and vertical slabs, respectively.

4.2.1. Line profiles

An advantage of the Monte-Carlo method is to give a direct
insight into the process of line formation, by recording photons
from different origins in different counters. The results of this pro-
cedure are represented in Fig. 9, for three different loop models.
The first one is a low-pressure (0.1 dyncm™2), optically thick
(zr ~ 80) loop. The second one has the same pressure, but the
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temperature is higher, so that it is close to the optically thin case
(t ~ 2). The third model is again an optically thick one (t ~ 20)
but the pressure is higher (1 dyncm~2). The line profiles of inci-
dent radiation from the solar disk are, of course, the same in the
three cases. The differences that can be observed on the figure
are due to the statistical noise pertaining to the Monte-Carlo
method. The line profile of the photons escaping by the upper
window (observation near the center of the solar disk) is the sum
of three components:

(i) the radiation that crosses the cylinder without absorption.
The corresponding profiles have the same wings as the incident
profiles, since the object is optically thin at these frequencies. The
line center is depressed by absorption. If the optical thickness is
sufficient (cases 1 and 3), the absorption is complete at line center.

(ii) the photons, coming initially from the solar surface, that
escape after a number of scatterings. When the optical thickness
is significant (cases 1 and 3), the corresponding profile is self-
reversed. In the nearly optically thin case 2, it has a quasi-
gaussian shape.

(iii) the photons created inside the loop, and possibly scat-
tered before escape. The profile is similar to that of the preceding
case, but the absolute intensity increases with pressure.

The relative importance of these three components depends
on optical thickness and pressure. At low pressures (cases 1 and
2) the resulting profile remains similar to the solar profile, with
a relative depression at the center of the line, and possibly a rein-
forcement of the peaks. At high pressures, collisional processes
become preponderant, so that the total profile is similar to the

UPPER WINDOW
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“creation profile”, except in the very optically thin wings, where
direct transmission dominates. The mechanism of line formation
for photons escaping by the side window (observations at the
limb) is similar but limited to processes (ii) and (iii). Thus, these
profiles drop sharply in the wings, contrary to the preceding ones.
They are self-reversed or not according to the optical thickness
of the loop.

4.2.2. Transverse variations of intensity

Observed with sufficient angular resolution, coronal loops ex-
hibit variations of intensity transverse to the axis, arising princi-
pally from variations of optical depth along the line of sight. For
every loop model under study, we obtained these variations for
each of the two windows. A sample of these results, illustrating
two different cases, is represented in Fig. 10. The first one con-
cerns a low pressure (0.01 dyn cm ~?) loop with a substantial opti-
cal depth (z ~ 100) at the center, which is representative of the
scattering-dominated case. These loops appear in absorption on
the disk, since the photons absorbed in the core of the line are
not balanced by those arising from scattering. The corresponding
curve is concave, the minimum of intensity corresponding to the
maximum of optical thickness. When looking at the side window,
one observes the opposite variation, the thickest parts being the
brightest. In a sense, the two curves are complementary, as the
scattering removes some part of the upgoing photons to redis-
tribute them horizontally. The second case, which concerns a
high pressure (1 dyncm~2) loop with low optical depth (z ~ 4),
is characteristic of the collision-dominated case. The curves of
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Fig. 10. Transversal variations of intensities (LRI) emitted by cylinders. Left: p = 0.01 dyncm ™2, T = 20000K. Right: p = 1 dyncm ™2, T = 70000 K.
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variation are convex for both directions of emission, since the
number of photons produced by internal creation is larger than
the number of photons absorbed. These results simply generalize
those obtained for optically thin loops in Sect. 2.

4.2.3. Directional diagrams

We also recorded the variations of La emission as a function of
the direction, represented by two angular coordinates, 6 and ¢.

As an example, we have represented in Fig. 11 the variation of
intensity as a function of ¢, emitted in a nearly horizontal plane
(90° < 6 < 105°), for 3 different loop models. These models cor-
respond to the same pressure (1 dyncm™2), but have different
temperatures, and thus different optical thicknesses. When the
optical thickness increases, the emission tends to be isotropic. On
the contrary, optically thin cylinders present a reinforcement of
emission along the axis.

Fig. 11a—c. Variations of LRI emitted by cylinders near the horizontal
plane, as a function of the azimutal angle ¢. The axis which is vertical
on the figure corresponds to the axis of the cylinder. The pressure is
1dyncm™2 in every case. The temperatures are: a 50000K, b 70000K,
¢ 100000K
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4.2.4. Validity of plane-parallel models

From the computational point of view, the replacement of a
cylinder by a plane-parallel slab with thickness equal to its di-
ameter is very beneficial, since one-dimensional transfer codes
can be used. Whereas this procedure may seem a priori unphysi-
cal, it gives rather good results, as it may be seen in Fig. 12,
where intensities emitted by slabs and cylinders are compared.
For low pressures (0.01 and 0.1 dyn cm ~2), we find no significant
differences between the two kinds of objects, except for P =
0.01dyncm™~2 and T = 20000 K, where the emission of the cyl-
inder observed at the limb is higher than that of the vertical slab
by about 15%. But it is difficult to determine whether this differ-
ence comes from geometrical effects or from the difference in fre-
quency redistribution (complete for the cylinder, partial for the
slab). At higher pressures (1dyncm~?), more substantial depar-
tures may be observed. Here, cylinders have weaker emissions
than slabs, and the maximum of the relative difference, about
25%, is reached for T = 70000K, i.e., an optical thickness of
about 4. As a tentative explanation, we may propose that the
slab geometry ensures a better confinement of radiation than
the cylinder geometry and thus increases source functions and
intensities.

In spite of its limitations (especially concerning the number
of models studied), the present comparison shows the utility of
one-dimensional computations in the study of coronal loops and

B | T T T T TT1 ]
[ LRI ]
1 _
- —
01— —
TEMPERATURE (10*K)
i I I A N I B O
1 2 3 4 5 6 78910

Fig. 12. Comparison of LRI’s from cylinders and slabs, as functions of
temperature. The pressures are indicated in dyncm ™2 Open circles:
cylinders observed at limb. Open squares: (vertical) slabs at limb. Full
circles: cylinders on the disk. Full squares: (horizontal) slabs on the disk
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gives an estimate of the errors that can arise from this procedure.
In the optically thin region, the emission becomes independent
of geometry, as seen in Sect. 2. Towards large optical thicknesses,
it remains a lack of comparative computations. Nevertheless, as
the curvature per unit optical depth decreases, it is likely that the
cylinders behave more and more as slabs from the point of view
of radiative transfer.

4. Conclusion

The aim of this paper was to provide some theoretical basis to
support the analysis of Lyman-u filtergrams (such as the ones
obtained with the Transition Region Camera) and, in particular,
the diagnosis of loops that can be seen on these pictures. To
reach this objective, we computed the intensities emitted by
coronal loops in a wide range of pressures and temperatures. We
determined the influence, on the emitted intensities, of the model
hydrogen atom and redistribution functions used, and evaluated
the possibilities of replacing the cylindrical geometry by a plane-
parallel one. In the case of optically thin structures observed at
the limb, we find that Lyman-« relative intensities (LRI) are
proportional to the pressure when it is low and to its square
when it is high. A formula for the LRI as a function of pressure
and temperature (and thickness) of the structure is given. The
LRI’s computed on the disk show a high sensitivity to the
pressure. Computations extended to optically thick slabs show
non-monotonous variations of the LRI with temperature at a
given pressure; in particular, a low contrast on the disk may still
be the indication of a very opaque structure at low pressure and
temperature. Most results are explained in terms of the relative
weight of collisional excitation (between levels 1 and 2) as com-
pared to photon scattering. Finally, the effect of cylindrical ge-
ometry, investigated with a Monte-Carlo method, is shown to
be marginally important. ’

Consequently, we think that the present results (and especially
the detailed computations performed with the slab geometry)
will be useful to determine the possible positions of actually ob-
served loops in a pressure-temperature diagram. Lyman-o filter-
grams, such as TRC ones, provide with the geometrical thickness,
and LRI’s measured on the disk and at the limb. In some extreme
cases (LRI lower than 0.2 or higher than a few tens), a pressure/
temperature diagnostic may be established. In other ones, more
information is necessary, about the opacity for instance: in this
respect, the simultaneously observed Ha intensity may help to
put an upper limit on the La opacity. EUV intensities of metal
lines give also accesss to the emission measure from which the
electron density can be derived, a supplementary constraint in
the pressure-temperature diagram.

The diagrams given in this paper do not replace a specific
modeling of a given loop which, on account of the number of
parameters involved (pressure, temperature, diameter, velocity,
etc.) is altogether necessary in filtergram diagnostic studies. Nev-
ertheless, in such a context, they should be useful to restrict a
priori the range of models that can be associated with a given
observation.
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