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Model dependence of the rotational temperature of SiO in sunspots
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Abstract : Centre-to-limb variation of the rotational temperature of the
fundamental band of SiO in different sunspot models has been calculated.
The possibility of using these calculations to pick up the true model on the
basis of infrared observations is indicated.
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1. Introduction

Various sunspot models have been constructed on the basis of studies of line
profiles and continuum (¢f. Zwaan 1965, 1974, 1975; Henoux 1969; Stellmacher &
Wiehr 1970, 1975; Kneer 1972; Boyer 1980; Kollatschny et al. 1980). These models
vary in their atmospheric characteristics. For example, the model by Zwaan
(1974) explains continuum intensity in the spectral range 0.5 < A < 4.0 um by
introducing an additional opacity for A < 0.8 pm and also reproduces the infrared
Cat lines at 8498, 8542 and 8662 A (Kollatschny er al. 1980). The model by
Stellmacher & Wiehr (1975) reproduces the line profiles of Fe 5434 and Na D,.
Boyer (1980) has altered the temperature stratification of the Stellmacher & Wiehr
(1975) sunspot model to reproduce the observed equivalent widths of TiO lines in
sunspots in the spectral range 6100-7100 A. Kollatschny er al. (1980) have also
altered the temperature stratification of Stellmacher & Wiehr (1975). With the
inclusion of additional opacity as suggested by Zwaan (1974), the Stellmacher &
Wiehr (1975) sunspot model as corrected by Kollatschny et al. (1980) has been
able to explain the lines of Fe 5434, Na D,, Cat (£498, 8542 and 8662 A), K 7699
and the continuum contrast.

With a view to selecting a model for representing sunspots in the infrared, we
have calculated the centre-to-limb variation of the rotational temperature of the
(2-1) fundamental band of SiO around 8 pum. The molecule SiO in the infrared
was picked up because (i) the element Si gets easily ionized and SiO can be used
to sense the temperature variation in the infrared with the same sensitivity as
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TiO; (ii) LTE is a safe assumption in case of vibration-rotation transitions; (iii)
SiO is abundant in the umbral atmosphere as per the dissociation equilibrium
calculations; and (iv) S1O lines are not expected to be contaminated by photo-
spheric radiation, since SiO vibration-rotation bands are not present in the
photospheric spectrum. The predicted temperatures turn out to be widely different
and may provide a suitable criterion for selecting a representative model.

2. Calculations

Twenty six lines (from J” = 25 to J” = 50) of the P branch of the fundamental
band (2-1) arising from the ground electronic state X'Z+ of Si?®Q'® were selected
for equivalent width calculations at five disc positions in the following six
models : M; = Henoux (1969); M, = Stellmacher & Wiehr (1970); M; = Kneer
(1972); M, = Zwaan (1974); M; = Stellmacher & Wiehr (1975) as corrected by
Boyer (1980); and M, = Stellmacher & Wichr (1975) as corrected by Kollatschny
et al. (1980).

Equivalent widths of some lines of the above mentioned band of Si?®0'¢, Si**O'¢ .
and Si3°0'® have been calculated by Gaur et gl. (1978) and Pande & Joshi (1978).
We have adopted the same procedure in the present investigation also, except
that the molecular line haze opacity (Joshi et al. 1979) has also been accounted
for along with that due to H-. The rotational temperature was calculated using
(Herzberg 1950)

log (W,./[Ss) = const — 0.6247 J" (J” 4 1) Bv"/Tyurot)-

Here W, = equivalent width on the disc at u = cos 6; Sy == rotational intensity
factor; T.(roty = rotational temperature on the disc at @ = cos 0.

The calculated centre-to-limb variation of rotational temperature in different
sunspot models is given in figure 1 and table 1.

3. Discussion

We have calculated the rotational temperatures at p = 1.0, 0.7, 0.5, 0.3 and 0.1.
The temperature difference between the models M, and M, (extreme cases) is
400 K at the centre and 500 K near the limb. In M, the temperature decreases
towards limb up to ux = 0.3 and afterwards becomes almost constant. All
other models have a monotonic temperature decrease towards the limb. This
is so because M, has smaller temperature gradient than the other models in the
line formation region. It may also be noted that Tt at u = 0.3 for all the
models except M, corresponds to tg.5pm = 0.015 to 0.03 whereas for M, it
corresponds to t4.5.m == 0.10. This so because the molecular opacity (Joshi et al.
1979) is less for M, (hottest model) which causes the lines to be formed in deeper
layers as compared with the remaining cooler models, in which large molecular
opacity shifts the line formation region to cooler parts. The centre-to-limb
variation of the temperature in all the models is 150 to 400 K. The tem-
perature gradient in M, is very steep. So of all the models considered here, M,
shows the maximum centre-to-limb variation.
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Figure 1. Centre-to-limb variation of rotational temperature of SiO in different umbral models.

Table 1. Centre-to-limb variation of rotational temperature of SiO in different models.

w=cosH
Model —
1.0 0.7 0.5 0.3 0.1

M, 3918 + 5 3876 4+ 4 3848 + 5 3770 &+ 4 3751 + 4
M, 3648 - 4 3598 + 4 3555 + 3 3498 4+ 3 3399 L4
M, 3675 + 4 3657 + 4 3640 + 4 3594 + 4 3455 +- 4
M, 3468 + 4 3426 + 3 3389 4- 3 3337 + 3 3262 4 3
M, 3807 L 6 3748 4- 6 3704 + 5 3656 + 5 3555 + 4
M, 3780 £ 6 3731 -4 3682 + 3 3583 £ 4 3404 + 3

The ratio of two equivalent widths is expressed by R(Jy, J,) = W (J)/W (J.),
which gives Alog R = — 045 [/1(J;, + 1) — J,(J, + D] (AT/T?. For J, =25
and J, = 50, AR/R is of the order of (AT/T?) x 103, requiring accuracy of
about 1% in the measurement of the equivalent widths, if only two lines
are taken to define the rotational temperature. But as the number of lines
n used to define the slope increases, the r.m.s. error that can be tolerated in
each individual line measurement increases by a factor of 4/n. Tsuji (1977) has
determined the rotational temperature of CO molecule in the solar photosphere
by using a large number of first overtone lines of CO in the wavelength region
2.3 to 2.5 pm, with an accuracy of +40 K. The equivalent widths of these lines
are in the range of 10 mA to 50 mA and their error of measurements is 10 to
209%. So by using a reasonable number of lines of the vibration-rotation bands
of SiO, an appropriate model can be chosen with confidence.
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Spectral region from 8 to 14 um lies in the atmospheric transmission window.
Recently spectral scans in the wavelength region from 8 to 10 um have been
made for the detection of NH, vibration-rotation line profiles in the Jovian
spectrum using superheterodyne techique with a resolution of 107 (Kostiuk et al.
1980). Using the superheterodyne technique (Glenar et al. 1982) Glenar et al.
(1983) have observed the rotational lines of the 0-1 and 2-1 vibration-rotation
bands in sunspots with sub-Doppler (== 10°%) resolution. They have found that
the SiO lines are formed high up in the atmosphere where temperature distribu-
tions are very diverse in the models M1, M2 and M4 considered by them. The
SiO lines are very sensitive to the temperature structure of the higher layers because
of dissociation equilibrium considerations and provide a temperature sensitivity
criterion of 4100 K on the basis of log (W/v) values.

There is considerable diversity between the rotational temperatures and their
centre-to-limb variation which may allow one to pick up the representative model
on the basis of observed rotational temperature of SiO.
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