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Emission line diagnostics for a coronal condensation
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Abstract, Theoretical line emission rates for the coronal ions Fe x, Fe Xxi,
Fe xi, Fe x1v, Ca x11, Ca xi11, and Ca xv, have been used to obtain various
line intensity ratios as a function of electron density and electron tempera-
ture. The lines are due to the forbidden transitions in the visible part of
the spectrum. With the help of these theoretical line intensity ratios physi-
cal parameters for a coronal condensation observed during the eclipse of
1965 May 30 have been derived. A simple model consisting of two regions
of equal path length one at temperature of 1.25 x 106K and the other at
2.5 x 106K and with constant electron density of 5 x 108 cm—3 seems to
explain the observed intensities. The analysis also indicates that the observ-
ed Caxin line intensity appears to be high by about a factor of 4.

Key words : emission line diagnostics—coronal condensations

1. Introduction

Solar corona exhibits a very rich spectrum at visible wavelengths. The quantita-
tive interpretation of such a spectrum is a difficult task. This is mainly due to the
vast amount of reliable atomic data required to obtain emission rates. Mason
(1975) has considered in detail the excitation of forbiddden lines for the coronal
ions Fe x, Fe xi1, Fe x1v, Ca x11, Ca xm1 and Ca xv. The lines are in the visible part
of the spectrum. Mason has tabulated emission rates for these lines for several
electron densities and electron temperatures. We have used these emission rates
to obtain various line intensity ratios. For Fe x111 ion we have considered the line

intensity ratios obtained by Flower & Pineau des Forets (1973). With the help of
the theoretical line intensity ratios we have tried to infer the values of electron
density and temperature within a coronal condensation observed during the eclipse
of 1965 May 30. The observed line intensities are listed by de Boer et al. (1972)

2. Line intensity ratios

The theoretical emission rates tabulated by Mason (1975) have been used to obtain
the following line intensity ratios :
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I(Ca xva)/I(Ca xm1); I(Ca xv2)/I(Ca xi1); I(Ca xv2)/I(Ca xv?); I(Ca xv?)/I(Ca xm);
I(Ca xvP)/I(Ca xm); I(Ca xm)/I(Ca xm): I(Ca xu1)/I(Fe x1v); I(Ca xmu)/I(Fe x1v);
I(Ca xva)/I(Fe x1v); I(Ca xvb)/I(Fe x1v); I(Ca xm)/I(Fe x); I(Ca xu)/I(Fe x);
I(Ca xm)/I(Fe x12); I(Ca xmn)/I(Fe xit); I(Ca xm)/I(Fe x12); I(Ca xm)/I(Fe x1>);
I(Fe x1#)/I(Fe x1v); I(Fe x1?)/I(Fe x1v); I(Fe x)/I(Fe x1v); I(Fe x12)/I(Fe x); I(Fe x1?)/
I(Fe x); I(Fe xu@)/I(Fe xm?); I(Fe xmP)/I(Fe xmi¢); I(Fe x12)/I(Fe x1b).

The observed lines with their wavelengths and intensities are listed in table 1. The
variation of the several line intensity ratios with electron density and temperature
are shown in figures 1 to 12. The temperature values in units of 106 K are indi-
cated on each curve. The intensity ratios of lines belonging to dissimilar elements
are sensitive to temperature variations. This is because equilibrium ion densities
are strongly temperature dependent (Landini & Fossi 1972). Since we are dealing
with lines in the visible part of the spectrum the intensity ratios for lines of a given
ion would be intensitive to temperature for the temperature range considered in
this investigation. Such line intensity ratios would be solely dependent on elctron
density.

Table 1. Observed line intensities (de Boer er al. 1572)

Ion Wavelength Line intensityf
A (erg cm2 51
sterad—?)
Caxn 3327 0.36
Ca xi1 4088 1.65
Ca xva 5694 0.21
Ca xv® 5444 —
Fe x 6374 60.4
Fe x1? 3986 4.05
Fe x1® . 7892 —
Fe xim2 3388 16.1
Fe xub 10747 —
Fe xuie 10797 —
Fe xiv 5303 54.9

fLine intensities refer to the location on the sun at p = 1.02.

The electron density dependence of the various line intensity ratios can be under-
stood in the following manner. The spectral lines under consideration are due to
the transitions among the metastable levels of the ground term for each ion. For
such transitions the spontaneous radiative probabilities are small and comparable
to electron collisional rates for coronal electron densities. These comparable
transition rates would make the level populations within the ground term to be
dependent on electron density. Since line emissivity is proportional to the upper
level populations emission rate would be a function of electron density. Thus,
intensity ratio of two spectral lines would also be electron density dependent.

For the sake of illustration let us consider the intensity ratio I(Ca xvb)/I(Ca xim).
Examining the ground term level population for these two ions (Mason 1975), we
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Figure 1. Intensity ratios I(i)/I(j) as a function of N, the €lectron density. The numbers on
each curve represents the electron temperature in units of 10° K. The spectral line is represented
by ion responsible for it. Corresponding wavelengths are shown in table 1.

find that the upper level of the transition for the Ca xvP line increases with electron
density faster than that for Ca xm line till about electron density of about
1010 cm=3. Thereafter the trend reverses. This trend is reflected for the intensity
ratio I(Ca xv®)/1(Ca x1m) in figure 1. In the case of the intensity ratio I(Ca xu)/
I(Fe x1v) the upper level for the Fe x1v line increases faster than that for the
Ca xi11 line till about the electron density of 109 cm-3 and the trend reverses there-
after. This behaviour is reflected for the intensity ratio I(Ca xm)/(Fe x1v) in figure
4, In a similar manner varlatlon with electron density of other intensjty ratios in
figures 1 to 12 can be understood.

3. Physwal ‘parameters for-a coronal condensation and discussion

In th:s section we use the theoretical mtens;ty ratios to obtain the values of the
physical parameters respons:ble for line radiations in an observed coronal conden-
sation. The coronal condensation considered here was observed durmg the ecllpse
of 1965 May 30 (de Boer et al. 1972) For sake of simplicity the condensation. is
assumed to have cylmdncal structure and electron densnty constant wnthm th,e
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Figure 4. Same as for figure 1.

short path length of the condensation along the line of sight. The ions considered
are dominant emitters covering a wide temperature range (1.0 to 3.0 x 10¢K). It
would be appropriate to consider a distribution of temperatures to explain the
entire set of observed lines from the coronal condensation. To facilitate discussion
we consider the condensation to consist of two temperature zones of equal path
length : one region having low electron temperature value and the other being at
2.5 x 106 K. We consider the following four combinations for the physical para-
meters :
(i) Te =10 x 106K and 2.5 x 106 K )
, Ne = 5 x 108 cm-3
(ii) Te =125 x 106 Kand 2.5 x 106K | ’
(fii) Te= 1.0 x 106K and 2.5 x 106 K )
¥ Ne = 7.5 X 108 cm-3
(iv) Te= 125 x 106 K and 2.5 x 106 K }
Te is the electron temperature. N, is the electron density and the values chosen are
close to the value of 6 x 108 cm—3, which was obtained by de Boer et al. (1972) for
the coronal condensation from the observed continuum intensity. The value refers
to p = 1.02, p being the distance from the solar centre in units of the solar radius.
The ionization equilibrium calculations of Landini & Fossi indicate that the tempe-
rature of 2.5 x 106 K would be reasonable to account for Ca xv lines in the coro-
nal condensation. In table 2 we have listed the difference between the observed
and theoretical line intensity ratios for the four sets of the physical parameters.
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Figure 5. Same as for figure 1.

I(i) defines -the intensity for the line i and I(j) for the line j. R defines the intensity
ratio for the two lines. In table 2 we have not considered the infrared lines of
Fe xm1. The emission line intensities listed by de Boer et al. (1972) for the coronal
condensation are restricted to the wavelength range AA3000- 9000A. However,
infrared lines of Fe xur-have been observed on a few occasions (Noéns et al. 1984).
Column ome of the table 2 defines the respective ions for the two lines. To obtain
the various intensity ratios we need to know the contribution to the total intensity
from the two different temperature zones. For instance, Fe xIv line could have
reasonable. contribution at 1.25 x 106 K. - With the help of tabulated emissivities
at various temperatures ‘we could obtain the individual contributions from the two
temperature layers. )

Columns 2, 3;4 and 5 contain the differences between the observed and theoreti-
cal intensity ratios at four electron temperatures, electron density - being 5 x
108 cm™3. Sxmllarly columns 6, 7, 8 and 9 contain the dlﬁerences for electron
density of 7.5 x 108 cm=3." The gaps in the table are due to the fact that the
emissivities at the lower or ‘the fhlgher temperature are - insignificant to be
considered. N R
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Figure 6. Same as for‘figure 1.

The theoretical ratios used in table 2 have been calculated taking the relative
abundance of Ca to Fe to be 8.5 X 10-2 (Mason 1975). This relative abundance
is 3.4 times larger than the value obtained by de Boer er.al. (1972). Assuming
that the valué used by Mason is large, we can reduce the difference between the
observed and theoretical ratios for Ca/Fe in table 2. We notice that the agree-
ment between observed and theoretical ratios becomes reasonable when the emit-
ting regions are at 1.25 x 106 K and 2.5 x 106 K with an electron density of 5 X
108 cm-3. Any residual discrepancies in the differences of ratios in table 2 could
be mainly due to the simplified model and to a lesser extent ‘due to the uncertain-
ties in observed intensities, ionization equilibrium densities, and atomic data.

de Boer ef al. (1972) in. their investigation on coronal abundances use the
continuum flux to obtain ‘the total number of -electrons .in the line of sight
for the observed condensation. With this parameter plus the two temperature
zones, one at 1.0 x 106 K and the other at 2.5 x 106 K, and a constant electron
density of 6 -x 108 cm—3 they "estimated the ‘line intemsities in various lines.
They are listed in the last column of table 3. For Fe x1 line at 7892 A observed
intensity is not available. This intensity was computed from the theoretical ratio
with the help of the observed intensity for the Fe x1 line at 3986 A. These ratios
in table 2 are indicated by asterisks. The vatues within the brackets are the ones
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when we use the observed intensities for Ca lines, allowing for the contributions
at the two temperatures. It seems that the observed intensity for Ca xui line at
4088 A is large by about a factor of 4. The other ratios in the table 2 were obtain-
ed when this correction factor was taken into account. Using the theoretical

ratios for Fe xm1 line (Flower & Pineau des Forets 1973) and the observed line
intensity for Fe xu line at 3388 A we have estimated the intensities for 10747 A
and 10797 A lines of Fe xm. These and other estimated intensities are given in
table 3. '

4. Conclusion

Theoretical line intensity ratios for Ca and Fe coronal ions have been used to infer
physical parameters for a coronal condensation. Our analysis indicates that a
simple model consisting of two regions of equal path length, one at a temperature
of 1.25 x 106K and the other at 2.5 x 106K, seems to explain the observed inten-
sities, the electron density of 5 X 108 cm—3 being same in both the regions. The
procedure adopted suggests that with the availability of reliable line emission rates,
theoretical as well as observational, for many more coronal jons it should be possi-
ble to construct more realistic models for emission regions. In addition, the
analysis outlined above would provide valuable information on relative elemental
abundances.
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