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On ionized molecules in the solar atmosphere
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Abstract. The partial pressures of 20 ionic molecular species are reported
here for standard facular, photospheric and sunspot model atmospheres with
a view to picking up ionized molecules for a possible identification in the solar
spectrum. Comparing the partial pressures with those of the molecule SiH",
which is already detected in the solar spectrum, it appears probable that
additional ionic species can be identified in the same spectrum. To predict the
line intensities of such species, accurate values of oscillator strengths and
dissociation energies are needed.
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1. Introduction

Detection of a molecular ion, SiH", in the solar photospheric spectrum (Grevesse &
Sauval 1970) lead to similar investigations for other ionic species. The molecules- CH",
MgH’, OH", HS', and A1H", were studied by different authors (Grevesse & Sauval,
1971b; Sauval et al. 1977). Some efforts on the basis of integral number calculations were
made by Pande & Gaur (1973) for photospheric molecules. Equivalent widths (EWs) for
ionic species in facula models were predicted by Tripathi (1978) and Tripathi et al. (1981).
Recent calculations of EWs of MgH" lines (Sinha er al. 1988) show that these lines are
stronger in sunspots than in photosphere and faculae and are observable in the sunspot
spectrum. Noting that all such sites of molecule formation were not included in previous
studies, we felt prompted to reinvestigate the above problem and to prepare a list of ionic
species for possible identifications in the solar spectrum. This list may also be of interest
to those engaged in the studies of other cosmic sources. Lacking reliable oscillator
strengths, we could not predict EWs. However, it must be realized here that the expected
EWs may be very small (Sauval et al. 1977) and most of the electroni¢ transitions
originating from the ground state of the molecules fall in the UV region of the spectrum
where detection is not easy.

An effort to identify the Fraunhoffer hnes due to ionic species is important because
of the following additional reasodns:

(i) Observations of ionic species in laboratory pose difficulties (Curtiss & Erman
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1977). If they can be detected in a cosmic source, vital informations on oscillator
strengths can be deduced as in the case of CH' (Lambert & Danks 1986) and SiH"
(Grevesse & Sauval 1971a). ‘ ‘

(ii) Since many atoms have large ionization energies, it is possible that molecular
ions are formed deep inside the solar atmosphere. If undetected, such lines may still be
important as contributors of weak lines to a veil of unresolved lines producing enhanced
opacities.

2. Methods and calculations

Besides the papers cited above on ionic molecules, the monograph by Huber & Herzberg
(1979) has been our guide in the preparation of the list of molecules for calculations.
Additionally the following criterion was kept in mind:

(i) The atoms constituting the molecule should be fairly abundant in the sun, (i)
ionization potential of at least one of the atoms constituting the molecule should be low
as in the case of A1H", (iii) ionic species formed out of the same atoms which produce
already detected un-ionized solar molecules, were also included.

In table 1 we summarise all the relevant data regarding the *20 molecular ionic
species chosen by us. It may be noted that the abundances of some elements have recently
been revised (Grevesse 1989) but the slight changes in some cases of table 1 are of little
consequence for the purpose of the present study. It may also be noted that some of the
ionic species are more stable than their neutral counterparts because of higher
dissociation energy. The molecular partial pressures were obtained by using the
polynomials given by Tatum & Sauval (1984) except in the case of AIH" where we used
Tarafdar’s (1977). In addition to the different facula, photosphere and sunspot models,
we decided to use Sobotka’s (1985) models which take into account the different sizes of
umbrae, and Maltby ez al. (1986) models which account for the early, middle and late
phases of the solar cycle. The reasons for selecting the two facular models by Stenflo
(1975) and Shine & Linsky (1974) are given in Sinha er al. (1988) and for selecting the
two photospheric models by Holweger & Muiiller (1974) and Maltby es al. (1986) are
summarized by Sinha & Tripathi (1990). The sunspot models used here are due to
Henoux (1969), Zwaan (1974) Stellmacher & Wiehr (1975), Boyer (1980) and Maltby et
al. (1986). Five sunspot models were selected to keep our conclusions independent of the
choice of the model atmosphere.

We also wanted to assess if SiH' lines can be detected in facular and sunspot
spectrum. Atomic partition functions for Si* and H" were borrowed from Irwin (1981).
The line identifications, wavelengths etc. are from Grevesse & Sauval (1970) whereas the
rotational and vibrational constants are from Huber & Herzberg (1979).

3. Results and discussions

Considering the rotational constant B~ and the temperature T (cf. Schadee 1964), the
SiH" lines originating from J = 15 and J = 11 can be expected to be the most intense
amongst the other lines of the (0-0) band of the A’r — X’ transitions of the same
molecules in photosphere and spot spectra respectively. For EW calculations we chose all
the lines marked P in table 1 of Grevesse & Sauval (1970). The solar value of fo, derived
by Grevesse & Sauval (1971) is shown to be in error by Carlsson er al. (1980). Also the Dj
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Molecule

A. Hydrogen containing molecules

Table 1. Molecular 1ons and abundances of elements considered in this study

Dissociation energy! (eV)
ionic/ neutral

35

AlH' 1.0?/3.0600
CH’ 4.0850/3.4650
HCI* 4.653/4.4336
HF' 3.4230/5.8690
MgH"" 2,0800/1.27°
NH* 3.3900/3.4700
OH* 5.090p/4.3920
PH' -~ 3.3600/3.0200
SH" 3.4800/3.5500
SiH* 3.1700/3.0600

B. Oxygen containing molecules

co’ 8.3380/11.0920
NO' 10.8506/6.4968
PO’ 8.4100/6.1500
SO’ 5.4300/5.3590
Sio* 4.9800/8.2600

C. Cyanogen and Homonuclear molecules

CN* 4.8500/7.76

C’, 5.3200/6.2100

H', 2.6508/4.4781

N*, 8.7128/9.7594

0" 6.6630/5.1156
D Elemental abundances* on the scale log N(H)= 12.00

log N(AT) = 649

log N(C) = 8.67

log N(C1) =55

log N(F) = 4.56’

log N(Mg) = 7.62

log N(N) = 7.99

log N(O) = 8.92

log N(P) = 545

log N(S) = 17.23

log N(Si) = 7.63

1. General reference Huber & Herzberg (1979). 2. Tarafdar (1977). 3. Balfour & Lindgren (1978).
4. Lambert (1978); Lambert & Luck (1978), 5. Grevesse (1984).

and f;0 values provided by the latter authors do not seem reliable because of the break-
down of the r-centroid approximation in their calculations. The values D} = 3.26 eV and
foo =1.186 X 10~ recommended by Larsson (1987, personal communication) and used
here are in excellent agreement with the recent calculations by Matos et al. (1988) which
give D% =3.30 eV and foo=12X 1073.

The results of our EW calculations for SiH" are shown in table 2. An inspection
shows that besides the photosphere, the spot and facular spectrum too can show weak
lines of this molecule around J = 10. The very small values of EW in Sobotka’s model 13
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Table 2. Equivalent widths of SiH" in different model atmospheres. If microturbulence is not given in a model,
a depth independent value 0.85 Kms™ is assumed

Wavelength (A) 4024.209 4079.046 4000.706 4004.659 4022.946 4041.005 4094.114 4005921 4011.841

Branch (J) P6) PI) Q3 Q4 QI Q9 QU3 RE RO
Model

Photosphere

Observations 0.7 1.0 1.1 1.8 1.5 35 2.0 1.5 1.7
Holweger &

Muller (1974) 0.63 1.06 0.92 1.17 1.81 2.14 2.57 1.00 1.09
Maltby et al.

(1986) 0.67 1.13 0.99 1.25 1.93 2.29 2.73 1.06 1.16
Facula
Shina & Linsky

(1974) 0.78 1.32 1.14 1.44 2.23 2.65 3.19 1.23 1.35
Stenflo (1975) 0.59 0.99 0.86 1.09 1.69 2.00 2.40 0.93 1.02
Sunspot
Henoux (1969) 1.87 2.89 2.76 3.43 5.01 5.71 6.30 291 3.14
Zwaan (1974) 224 3.51 3.30 4.10 6.02 6.89 7.68 3.50 3.78
Stellmacher &

Wiehr (1975) 1.81 2.67 2.62 3.19 4.44 4.94 5.29 2.75 295
Boyer (1980) 1.63 2.49 243 3.01 439 - 4.99 5.43 2.56 2.76
Avrett (1981) 1.39 2.12 2.04 2.51 3.62 4.09 4.47 2.15 2.32
Maltby er al. (1986) .

Model M, 1.03 1.62 1.54 1.93 2.89 3.33 3.71 1.63 1.77

Model E 1.03 1.59 1.55 1.93 2.83 323 3.53 1.63 1.76

Model M 1.47 2.27 2.19 2.72 4.00 4.57 5.03 2.31 2.50

Model L 1.91 2.98 2.84 3.53 5.19 5.94 6.59 3.00 3.25
Sobotka’s (1985)

Model 12 0.69 1.13 1.02 1.28 1.96 2.30 2.69 1.09 1.18

Model 22 1.55 245 2.30 2.87 4.26 4.90 5.49 2.44 2.64

Model 13 0.03 0.05 0.05 0.06 0.09 0.10 01l 0.05 0.05

arise because this model does not extend to photospheric layers deeper than optical
depth 7 =1.16.

Having assessed the case of SiH" we can move now to other ionic species, keeping in
mind the predictions of the observable EWs for MgH" lines in sunspot spectrum (Sinha
et al. 1988). The line intensities that we observe in a spectrum depend upon the oscillator
strengths and the dissociation energy on the one hand and the model atmosphere,
opacities and molecular concentration or partial pressures on the other. The effect of
model atmosphere, elemental abundance, dissociation energy etc. can be assessed if we
intercompare the molecular concentration or the partial pressures of different ionic
species as a function of optical depth. In the absence of elaborate and accurate
measurements of oscillator strengths and dissociation energies, we decided to compare
the run of partial pressures of different species with that of SiH'. The results of
calculations for two facular models, two photospheric models and five sunspot models
are presented in tables 3 to 11 in alphabetical order. Since the structure of atmosphere is
model-dependent, calculations were performed in more than one model of the same
feature in order to keep our conclusions independent of the choice of model atmosphere.
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There is a growing feeling that sunspots of different sizes might have different structures
and also the spots appearing at different phases of the solar activity cycle may not be the
same. To consider these aspects the three sunspot models each by Sobotka (1985) and
Maltby et al. (1986) were included in the present study. The results are presented in tables
12 to 17.

As an illustration we have plotted curves for some selected molecules in figures 1b to
Sb. The different models due to Maltby et al. (1986) have been referred to as MACKKL
model in the figures. In figures 1(a) to 5(a) we also give the temperature versus log
(optical depth) plots for different models for a ready assessment of temperature effects on
partial pressures.

Considering the partial pressures alone, we find that the molecules A1H*, CO*, H,
MgH", NH', OH", SH' and SiH' may be important in the solar spectrum. To assess their
role, reliable molecular parameters like the dissociation energies and the oscillator
strengths are needed. Even if these molecules are found to lie on the threshold of
detectibility limits, they may contribute towards unresolved weak molecular lines
producing ‘line haze opacity’ (Holweger 1970) (see also Sinha & Tripathi 1990).

We feel that in the solar atmosphere, the CO" lines should be more intense than
0.084 mA, a value given by Pande & Gaur (1973) for the following reasons.

(1) Their effort was based upon calculations for the comet tail bands only, whereas
the first negative band system of CO’ seems more intense because of an order of
magnitude higher oscillator strength (Krupenie 1966). (i1) They calculated EWs for a line
originating from v” = 3, whereas at photospheric temperature,v” = 0 is the vibrational
level where most of the molecules are to be found. We feel that on this consideration
alone their result is underestimated by a factor of about 7. At sunspot temperatures this
factor may be as high as 24.

In the conclusion, it is felt that detailed and exhaustive calculations alone will be
able to show which ionic species in our list are of utmost importance in the solar
spectrum.

It is interesting to see from figures 4b and Sb, how the different species, particularly
the carbon-containing molecules, behave as the sunspot atmosphere hots up. This heating
may be due to the fact that the spot is formed at a different phase of the solar cycle
(Maltby et al. 1986). Also it may be a pointer towards the fact that spots of different
diameters are different in physical characteristics too (Sobotka 1985).

Out of the list of diatomic ionic species considered by Riter er al.(1976), we are of

the opinion that the molecules A10*, and O; with low concentrations may not be
important.
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Note added in proof : The important molecule CaH could not be included in the
study because of a lack of molecular data. The elemental abundances cited in Grevesse
(1989) are essentially based upon the work by Anders and Grevesse (1989, Geochim.
Cosmochim. Acta 53, 197). The Carbon and Nitrogen abundances have since been
revised to log N(N) = 8.00 £ 0.05 (Grevesse et al., 1990, Astr. Ap. 232, 225) and log
N(C) = 8.60 £ 0.05 [Grevesse et al. (1990) Astr. Ap. to appear].
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